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Abstract 

 N-Heterocyclic carbenes (NHCs) are excellent ligands for metal coordination and 

have been studied extensively. NHC metal complexes have also been used for many 

different catalytic applications. One such application of these complexes is their use in 

water oxidation catalysis as described by Albrecht. In Chapter 2 we will discuss the 

progress made in tethering water oxidation catalysts to gold surfaces via NHC self-

assembled monolayers (SAMs). This project bridges the gap between NHCs for surface 

science applications and for homogeneous catalysis. Two main routes were explored 

for this project to immobilize an iridium-based water oxidation catalyst. The catalyst was 

synthesized either on or off of the NHC SAM support. Several generations of the 

catalysts were tested for catalytic activity for water oxidation catalysis and this too will 

be discussed in Chapter 2. 

 Recently it has been shown by the Crudden group and others that NHCs are 

excellent surface ligands with high stability for Au(111). The preparation of these 

materials have recently improved using simple benchtop methods, which will be 

discussed in Chapter 3, instead of generating the free carbene using strong base and 

inert atmosphere. Hydrogen carbonate salts of NHC precursors were used to deposit an 

NHC SAM on Au(111) in situ with HPLC methanol. These films were found to have the 

same characteristics and stability as those deposited using the free carbene. In Chapter 

3 we also describe the use of other azolium salts with non-coordinating counterions to 

deposit NHC SAMs on Au(111) without the need to create the hydrogen carbonate 

salts. This simplifies the benchtop method even further as ion exchange reactions are 

no longer necessary for NHC SAM deposition.  
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Chapter 1 

Introduction 

1.1 Carbenes  

 In the last two decades, N-heterocyclic carbenes (NHCs) a subclass of carbenes 

that have enhanced stability when compared to their parent methylidene structures, 

(Chart 1-1) have emerged as one of the most vital ligand classes for transition metal 

complexes.1 The seminal reports of these ligands were published by both Öfele and 

Wanzlick in 1968,2-3 after which time they received limited attention in the literature, with 

the exception of the work of Lappert, who described a number of coordination 

complexes of NHCs, but none of their catalytic actvity.4-5 In terms of isolated carbenes, 

in 1988, Bertrand published an acyclic (phosphino)(silyl)carbene that was stable enough 

to be distilled.6 In 1991, Arduengo reported the first crystal structure of a stable free N-

heterocyclic carbene, which spurred dramatic interest in NHCs.7 Arduengo’s study 

highlighted the similarities between NHCs and phosphines. Due to their similarity to 

phospines as neutral, 2-electron donors and their resistance to chemical change during 

many different types of catalysis, immense interest in applications of NHC ligands in 

transition metal and main group chemistry has resulted since Arduengo’s report.8-11 

NHCs are also capable of catalyzing many reactions themselves as organocatalysts 

and several reviews on the topic are currently available in the literature.12-13  

 

 

The electronic structure of NHCs (Chart 1-1) explains the enhanced stability that 

they possess compared to triplet carbenes such as methylidene. The lone pairs on the 
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Chart 1-1: Methylidene, NHC, and Arduengo carbene structures.7 
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adjacent nitrogen atoms interact with the vacant p-orbital on carbon, which stabilizes the 

LUMO, while the two remaining electrons on carbon occupy an sp2 orbital in a singlet 

conformation. Indeed, other than CO, NHCs possess the largest singlet-triplet gap of all 

divalent carbenic species.14-15 This helps to prevent many of the undesired reactions of 

carbenes, such as cyclopropanation,16-17 C-H insertion,18-19 and dimerization,20-22 as 

these reactions occur via the triplet state. One cause of NHC instability that is common 

is reprotonation of the carbene, but by utilizing an inert atmosphere or in situ generation 

of the NHC, this can be avoided.23-24  

 The bond distances measured in NHC-M complexes are similar to single bonds 

as opposed to double bonds in M-C complexes, however NHC-M complexes are not as 

sensitive to unwanted side reactions as metal-alkyl complexes.25 The single bond 

character arises from the fact that typical NHCs, while excellent σ−donors, are poor 

π−acids, while types of carbenes such as acyclic diamino carbenes and cyclic 

alkylaminocarbenes, do possess much greater π−acidity.24, 26 The relative 

thermodynamic stability of carbenes, coupled with the kinetic stability of carbene-M 

complexes, are both reasons that NHC ligands have been widely used as ligands for 

transition metals.24, 27  

Bond strength is one feature that counteracts various decomposition pathways 

involving metal-ligand cleavage, for example ligand oxidation. NHC-M bond strengths 

have been calculated using calorimetric methods to be roughly two times as strong as 

P-M bonds in classic R3P-M complexes.26, 28 While NHC-M complexes are not 

completely resistant to decomposition, their bond strength is one characteristic that 

makes them more stable than R3P-M complexes. Because of this increase in bond 

strength, NHC-M complexes are ideal for use in oxidation catalysis.29 

 All of the characteristics of NHCs and NHC-M complexes discussed above are 

why they have also been reported to be highly effective surface ligands for metal 

surfaces.30-33 Thiolate ligands have historically been used as surface protection ligands 

on 2D metal surfaces in the form of self-assembled monolayers (SAMs), however their 

oxidative instability can be a significant disadvantage to their use.29, 34-41 Due to this 

instability, NHC surface ligands could replace thiols in applications like microelectronics 
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and biosensing.29, 41-42 Thus NHCs have recently gained interest in the realm of 

materials chemistry, which will be discussed below. 

1.2 Carbenes in materials 

The immobilization of ligands on different materials is a typical method attempted 

to produce heterogenized catalysts with improved recoverability and recyclability.43-45 

The immobilization of NHCs onto various materials has also been explored, and several 

reviews on the subject have been published.41, 46-48 Some examples of these systems 

are NHCs in organic polymers,49-50 MOFs, and silica materials.51 Many of these 

materials were synthesized with the goal of using supported NHC ligands for catalysis 

with or without a metal present. However, there are other applications of NHCs in 

materials chemistry outside the scope of catalysis.  

NHCs have been incorporated into liquid crystal materials,52-53 dendrimers,54-55 

and coordination polymers.56-57 In these materials, the very nature of the NHC affects 

the qualities and characteristics of the resulting products – as such, the careful choice of 

specific NHCs must be employed for each application, and the tuning of electronic and 

steric properties of the ligand is paramount in order to fully realize this goal. Another 

area in which NHCs have been utilized in materials chemistry is in supporting metal 

nanoparticles.58 Finke and Dupont first showed that iridium nanoparticles were indeed 

functionalized by surface-bound NHCs from imidazolium-based ionic liquids.59-61 

However it was Fairlamb who published the seminal report of purposefully-made NHC-

protected metal (Au) nanoparticles in 2009.58 This sparked interest in this field and now 

metal nanoparticles of Au,62-65 Ru,66-71 Pd,59-60, 72-73 Ir, 52, 74Ag,75-77 and Pt71 have been 

reported in the literature. These materials are synthesized either from a pre-formed 

nanoparticle wherein the surface ligand is exchanged for the desired NHC surface 

ligand, or by decomposition of a starting metal-NHC complex. Using an NHC for this 

class of materials increases the stability of many of the nanoparticles described in the 

literature. This is unsurprising as NHC ligands are known to form robust metal 

complexes, and as surface ligands they are analogous to surface-bound metal 

complexes.78 Several of these nanoparticles have even been used for catalysis and 

some see an increase in not only recyclability and reusability associated with supported 
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NHCs, but also in activity as metal nanoparticles are known to be excellent catalysts.63, 

79 This class of materials is particularly interesting and the Crudden group has also 

recently published in the area of NHC-protected nanoparticles, however this will not be 

discussed in detail in this thesis.31, 63  

1.3 Self-assembled monolayers 

The spontaneous assembly of organic molecules from either gas or solution 

phase onto surfaces into semi- or fully-crystalline arrays has been described extensively 

in the literature and is called a self-assembled monolayer (SAM).80 Interest in SAMs on 

metal surfaces began after the first publication of thiolate SAMs on gold in 1983.81 

These organic-on-metal films are useful for many applications such as anti-corrosion 

and biosensing,82-83 due to the highly modifiable nature of the terminal function group, 

which can contain highly non-polar alkyl groups to protect the surface from corrosion, or 

tether biomolecules to the surface for biosensing applications. The chemical structure of 

these surface ligands will contain a “headgroup” (Figure 1-1) that binds to the surface 

either through a chemical bond or intermolecular interactions such as van der Waals 

interactions. The headgroup that has been studied most prominently in connection with 

metal surfaces is a thiol, which has been shown to bind to copper,79 silver,79, 84-85 

palladium,86-87 platinum,88 and gold.79, 81, 84, 89-93 The headgroup is usually bound to an 

organic spacer (Figure 1-1), such as an alkane chain, which acts as a barrier to the 

surface, as well as helps to insulate the metal. In addition, a functional group (Figure 

1-1) may be tethered to the other end of the organic spacer which may function to 

merely alter the surface properties of the film, or carry out more complex chemistry at 

the interface. 
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The relatively high affinity that thiols have for coinage and noble metal surfaces 

make them efficient surface ligands for forming SAMs on metals.79 SAM formation does 

not require ultrahigh vacuum for preparation, or any specialized equipment not found in 

most synthetic laboratories. The functionalization of surfaces allows the coupling of the 

surfaces optical and electronic properties to the exterior interface.83, 94 These changes 

are measured using a variety of techniques such as electrochemistry, ellipsometry, and 

contact angle measurements.95-96 The nanostructures that SAMs form on surfaces also 

affect the phenomena at the macroscopic interfaces, such as adhesion, wetting, and 

friction.79, 97  

1.3.1 Stability of Thiol and Thiolate-based SAMs 

While thiol-based SAMs can form easily on many different surfaces with relative 

ease, they may not remain on the surface due to their instability under non-pristine 

conditions.98-99 Decomposition of this class of SAMs has been observed in ambient 

conditions in as little as 1-2 weeks.34, 37-40, 100 Thiol-based SAMs can also be removed by 

straightforward soaking in a solution of tetrahydrofuran (THF) at room temperature for 

24 hours, which results in removal of up to 70% of the SAM.40 In order to combat this 

instability, changes to the structure of the linker on the headgroup have been made. By 

increasing the length of the linker, an increase in stability is observed.101-102 Porter et al. 

concluded that by increasing the chain length of the thiol SAM, more crystalline-like 

SAMs are obtained, which lead to more stable films. Also as chain length decreases this 

Substrate

Headgroup

Organic	Spacer

Functional	Group

Figure 1-1: Self-assembled Monolayers 
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uniformity decreases as does the density of the film.102 Their study only looked at thiols 

with an alkyl chain of up to 22 carbons. Another way to increase the stability of thiol-

based SAMs is to use thiol ligands that are multidentate and take advantage of the 

“chelate effect”, which dictates that ligands with multiple coordination centers have a 

greater binding affinity for single ligands with similar binding.103  

It has been reported by numerous groups that exposing thiol-based SAMs to 

atmospheric conditions for extended time periods causes them to oxidize to sulfinates 

(RSO2
-) and sulfonates (RSO3

-). Exposure to light assist this oxidation, with ozone 

generated from O2 in situ facilitating this process.39, 104-105 This phenomenon is more 

likely to occur when the chain length of the thiol or thiolate SAM is shorter, with longer 

chain lengths giving more robust films.38, 101 When the chain length is less than 8 carbon 

atoms, significantly more oxidation is seen, whereas when the chain length is above 12 

carbons long the rate of oxidation is slowed significiantly.106 While light increases the 

rate of this reaction, it is not necessary for oxidation of the headgroup to occur, as long 

as the sample is subjected to air.100 Given the instability of thiol and thiolate-based 

SAMs to oxidation and degradation, their use in biological conditions for biosensing 

applications as well as in ‘real world’ applications outside of a controlled laboratory 

environment can be problematic, as fresh films must be synthesized for each use in 

order to preserve the SAM.107-109  

Thiol and thiolate-based SAMs are also vulnerable to degradation at elevated 

temperatures. Simple alkanethiol SAMs thermally desorb around 70 °C, with faster 

desorption observed for shorter chain lengths.91 This class of SAMs is also susceptible 

to decomposition by harsh chemicals, with HCl, NaOH, strong oxidizing agents, 

halogens, boranes, and PCl5 all able to degrade the SAMs.91 The films are also 

unstable in the presence of cyanide and iodide anions, as well as other aqueous 

ions.110-111 Typically under any conditions, the longer than chain length, as well as an 

increase in denticity, the more robust the film (Figure 1-2). Also for thiols of the same 

chain length but with different terminal functional groups, the stability was greatest for 

CH3 followed by COOH and OH termini, with more hydrophobic end groups stabilizing 

the films more than hydrophilic groups, as these shift the corrosion potential more 

drastically in the positive direction.82  
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Figure 1-2: Stability of sulfur-based SAMs in relation to chain length. 
%Electrochemically Active Surface (%EAS) after air exposure to hexane rinse.39 

 

 

When thiol-based SAMs form, they easily displace any surface contaminates 

during the reaction.80 This is often attributed to two factors, one is that “soft”-“soft” based 

chemistry occurs during the gold-sulfur bond formation that is more favourable than the 

bonds formed with many of the “hard” surface contaminates.91 An increase in bond 

strength leads to a more thermodynamically favourable SAM formation, and the gold-

sulfur bond in thiol SAMs is estimated to be ~120 kJ mol-1, which is stronger than the 

bond strength of surface contaminates with gold.97, 112-114 However, when the thiol-based 

SAMs are exposed to another thiol solution, exchange between the two molecules 

occurs quite easily. This could be because the surface bound thiol is sensitive to 

oxidation as discussed above, which weakens the gold-sulfur bond making it more 

predisposed to displacement.113 Thus, although the initial thiol-based SAMs that are 

formed are quite stable, once they are oxidized displacement with a competing 

molecule can easily occur.39 

In order to increase the stability of thiol and thiolate-based SAMs several 

approaches have been utilized such as cross linking the chains or tail groups,114-118 

creating multidentate adsorbates,103, 119 and incorporating aromatic groups in the 
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SAMs.120-121 Incorporating diacetylene units in the alkyl chain on thiol-based SAMs, 

which can then be cross linked, increases the overall stability of the SAMs significantly 

through increased barrier properties, electrochemical stability over various potentials, 

particularly reducing ones, and thermal stability.114-116 Cross-linking the tail group 

through styrene or boronic acid groups also leads to an increase in stability, although in 

the latter case the reversibility of the reaction is problematic.117-118 Another way to 

stabilize these films is by utilizing multidentate thiols that can bind to the surface through 

2 or 3 headgroups, which has been discussed in a recent review by Lee et al.103 The 

denticity effect helps to stabilize these films, however as the packing density is reduced, 

the increase in stability may not outweigh the benefits of a more dense film.119 The 

addition of aromatic systems to the SAM scaffold also increases stability of the resulting 

SAMs due to π- π interactions between the chains.120-121 While all of the modifications 

discussed above do improve the stability of their resulting SAMs, none address the 

gold-sulfur linkage directly and its capacity to oxidize, which is the route to many of the 

decomposition problems of thiol and thiolate-based SAMs. 

1.4 NHC-based SAMs 

1.4.1 N-Heterocyclic carbene ligands on 2D surfaces 

N-Heterocyclic carbenes (NHCs) were first used as ligands on 2-dimensional 

Au(111) surfaces in 2011 by the Siemeling group (Figure1-3).122 Diethylated 

tetraazafulvalenes, often referred to as enetetramines were utilized as precursors to the 

free carbene. To generate NHC-type SAMs, these alkenes were exposed to Au(111) 

surfaces in a tetrahydrofuran (THF) solution for 24 hours at room temperature. X-ray 

photoelectron spectroscopy (XPS) and near edge X-ray absorption fine structure 

(NEXAFs) were employed to characterize the surface, with both supporting the 

presence of a monolayer of the NHC or enetetramine with unknown impurities.122 

NEXAFs data was used to predict the tilt angle of the ligand to the surface, which was 

found to be 30 ± 6°. This suggests that the NHC is the resulting surface ligand, as the 

enetetramine would likely lie flat on the surface. This preliminary study did not 

investigate the surface stability of the ligands.  
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Figure 1-3: Enetetramine deposition of NHC 1-1 on Au. Reproduced with permission 
from Siemeling et al.122 

 

 

Following this seminal report, the Johnson group described NHC-protected gold 

surfaces in 2013.123 They employed the free carbene directly instead of the 

enetetramine by either reacting the precursor imidazolium salts with a strong base 

(potassium hexamethyldisilazide, KHMDS) followed by filtration, or by heating carbon 

dioxide adducts. Once the free carbene was successfully made via either method the 

gold surfaces were immersed in the solution to produce NHC-protected gold surfaces. 

When the deprotonation route (Figure 1-4) was taken, large amounts of contamination 

(80%) were seen on the surfaces in the form of the amine in the base used to 

deprotonate the imidazolium salt. Using the NHC•CO2 adducts prevented this 

contamination from occurring, giving superior NHC-Au(111) surfaces. Quartz crystal 

microbalance (QCM) was used to assess the surface coverage, which was found to be 

0.9 ± 0.2 molecules/nm2 for functionalized NHC 1-3 and 1.1 ± 0.3 molecules/nm2 for 1-2. 

These are both below their predicted surface density of a saturated monolayer of NHC, 

1.7 ± 0.5 molecules/nm2,123 however they are both reasonable surface densities 

compared to alkanethiol SAMs (~4.5 molecules/nm2).123  

 

1-1 1-1b

1-1@Au

N N EtEt
N

N

N

N

N N
EtEt

Et Et

EtEt



 

 
10 

Figure 1-4: NHC SAMs from the free carbene produced via strong base or thermal 
decomposition of the CO2 adduct. Reproduced from Johnson et al.123 

 

 

 Johnson’s work was intended for use in surface functionalization as well as 

derivatization of the surface ligand after deposition is complete. To allow for this, NHCs 

1-3 and 1-4 were deposited on the surface in hopes that post-deposition grafting could 

be achieved. While the cross-coupling of the terminal bromide in 1-3 was not 

successful, the olefin metathesis of 1-4 with Grubbs catalyst lead to the desired surface 

modification of the active Ru, which was later used to polymerize the surface with a 

pentafluorophenyl exo-norbornene derivative.123 This report was a substantial 

improvement in this area of research for NHC-protected gold surfaces, as it showed that 

functionalized NHCs could be deposited and derivatized via pendant functional groups. 

Johnson also made the important observation that amine bases react with these types 

of surfaces.   

 In 2014, the Crudden group described the functionalization of Au(111) surfaces 

with various NHCs, and was the first compare the stability of NHC-based SAMs to 

sulfur-based SAMs.30 The SAMs were made using the free carbene generated by 

addition of potassium tert-butoxide, an amine-free base, to the benzimidazolium salts 

followed by filtration and subsequent reaction with the gold surface under nitrogen 

atmosphere. To investigate the surface stability, the films were analyzed by XPS before 

and after several different treatments of both a thermal and chemical nature. The SAMs 

of NHC 1-5 were found to be resistant to boiling water, refluxing THF, aqueous base 
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and acid (pH 12 and pH 2 at both room temperature and 100 °C), for at least 24 hours. 

One condition that caused slight degradation (10% reduction in peak intensity of N 1s in 

XPS) was treatment with 1% aqueous H2O2 for 24 h (Figure 1-5). Thus, in comparison 

to thiol-based SAMs, these films have considerably higher stability.124  

In addition to chemical and thermal stability, the Crudden group also explored the 

electrochemical stability of the NHC SAMs. This was performed by cycling the NHC on 

gold electrodes to oxidizing voltages (0.6 V vs Ag/AgCl) with the redox couple Fe(CN)6
3-

/Fe(CN)6
4-.125 Surface-functionalized metal surfaces have often been employed in 

electrochemical detection applications,126 but they can have low reusability due to 

degradation that occurs with repeated cycling.126-127 This is especially prevalent under 

oxidizing voltages, which is why we investigated the oxidative stability of the NHC SAMs 

on gold electrodes.  

Figure 1-5: All stability studies conducted for 24 hours. XPS of the nitrogen 1s region 
was used to measure film degradation. Reproduced from Crudden et al.30 
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detected, which signifies the removal of the SAM from the gold surface. No change in 

current density was observed, within error, when this same experimental procedure was 

conducted on NHC SAMs made with NHC 1-6 (Figure 1-6).  

 

Figure 1-6: Change in current density as related to the number of redox cycles for 
Fe(CN)6

3- /Fe(CN)6
4- in solution that employ dodecanethiol-terminated films (blue) and 

NHC 6 films (red) on Au(mc) electrodes. Au(mc) = microcrystalline Au on Si. Reproduced 
from Crudden et al.30 

 

 

 To provide further insight into the gold-NHC bond, density functional theory 

(DFT) studies were conducted. These studies showed that the most stable structure of 

the NHC 1-5 on gold was in an ‘a-top’ position with binding to a single gold atom (Figure 

1-7).128 This binding is unique as in the case of thiol-based SAMs the sulfur head group 

binds to three gold atoms in a hollow site, although the precise nature of this bond is still 

under debate.112 The strength of the bond between thiols and gold was predicted 

theoretically and confirmed experimentally to be ~120 kJ mol-1.97, 112, 129 Our DFT 

calculations estimate the NHC-Au bond strength to be 150 ± 10 kJ mol-1, which is 

appreciably greater than the S-Au bond in thiol-based SAMs. This value has since been 

confirmed experimentally, as will be discussed later.  
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Figure 1-7: Bonding geometry of 1-5 on Au(111) as determined from DFT calculations. 
Reproduced from Crudden et al.30 

 

 

 

 Scanning tunneling microscopy (STM) performed in ultra-high vacuum (UHV) 

was carried out at ambient temperature to determine the packing of NHC 1-5 on 

Au(111).98 Etch pits were observed on the surface via STM attributed to a restructuring 

of gold atoms, as is common in alkane thiol films.30, 98 Also visible on the surface were 

areas of high packing order which were comprised of oval structures 4.8 Å x 3.4 Å in 

size. This arrangement agrees with models of the molecule standing normal to the film 

surface (Figure 1-8). The images do not change with the direction of the STM scan, 

which indicates that this morphology is not due to surface restructuring by the STM tip.  
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Figure 1-8: An STM image of 1-5 on Au(111) shows the local order that comprises 5–
10 stacked units of 1-5 on the surface. Inset, schematic representations of individual 
molecules overlaid to scale. Reproduced from Crudden et al.30 

 

 

 The resistance of our NHC SAMs to displacement by several sulfur-based 

ligands as well the sulfur SAMs inability to resist replacement by NHCs was also 

studied.30 This was done by preparing thioether-functionalized gold surfaces and 

exposing them to a solution of free carbene (1-5). Complete exchange was established 

by the lack of sulfur in the XPS spectra. The reverse experiment was done and again no 

sulfur was observed, indicating that the thioether was not able to displace the NHC from 

the gold surface. Interestingly, when dodecanethiol films are subjected to NHC 1-5, only 

55-60 % of the thiol-based SAM is removed from the surface, potentially because NHC 

SAMs are not as dense as thiol-based SAMs.30  

 Of the NHCs examined by the Crudden group, NHC 1-5 became the key 

structure studied in detail, as it displayed excellent stability as discussed above. 

However, in order to get a wider understanding of the system other NHCs (1-7, 1-8, 1-9, 

1-10, Figure 1-9) were tested for SAMs and were seen to form monolayers in various 
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degrees of coverage.30 When the wingtip group became more sterically demanding, 

such as in 1-10, higher etch pitting on the surface, as seen by darker areas in the STM 

that are 1 Au layer deeper than the surface, and lower stability was observed. These 

etch pits were not inherent to the bare gold substrates, as they were repeatedly 

annealed prior to functionalization to remove these abnormalities, thus the etch pits 

were caused by the exposure to carbenes. This initially was thought to be due to an 

increase in steric hindrance near the surface as well as near other NHCs. Recently 

Marder et. al. reported that these sterically hindered NHCs may bind differently to the 

surface via a dipole interaction as opposed to the chemical bond that is formed in other 

smaller NHCs.130 As described below, alternative binding modes were observed for 

NHCs with primary alkyl groups and therefore the isopropyl seems to be an ideal size.  

 With the optimal wingtip group size established, the Crudden group focused on 

NHC 1-5 as our ideal carbene for several SAM applications. Functionalization of NHC 1-

5 was done on the backbone via an ether linkage that included either a long alkyl chain 

(OC12H25, 1-6) or a long alkyl chain terminated by an azide (OC12H25N3, 1-11).123 The 

azide moiety was particularly attractive as it could be functionalized post-grafting using 

click chemistry with various alkyne groups.130 This was carried out with propargyl 

alcohol and ethynylferrocene to give SAMs 1-12@Au and 1-13@Au respectively. 

Ferrocene was chosen since it is a useful electrochemical tag for further 

electrochemical studies. Using this tag, along with a known surface area by using a chip 

in an o-ring setup, the charge transfer was measured by cyclic voltammetry, which was 

determined to be 3.5 ± 0.5 electrons nm-2, and directly relate this to the number of NHC 

molecules, 3.5 ± 0.5 molecules nm-2. This measurement is in agreement with the STM 

images of SAM 1-5@Au. This surface density of the NHC is comparable to that of thiol-

based SAMs (ca. 4.5 molecules nm-2), although slightly lower.131 
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Figure 1-9: Different NHC SAMs deposited on Au(111). Mes = mesityl, Dipp = 2,6-
diisopropylphenyl. Exchange with dodecycl sulfide (S@Au) and NHC 1-5 SAMs on gold 
determined by XPS of the S 2p region. Reproduced from Crudden et al.30 

 

  

 One drawback from our initial method for forming these NHC SAMs on gold, as 

well as the other two reports discussed, is that free carbene is necessary at some stage 

of the synthesis.122-123, 131 Forming the free carbene requires inert atmosphere and 

distilled solvent, which is not ideal for industrial scale production. In 2016 the Crudden 

group reported the preparation of benzimidazolium hydrogen carbonate salts that could 
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be used directly in NHC SAM formation in wet protic solvents under atmospheric 

conditions.29 These results will be discussed in greater detail in Chapter 3. 

  Marder et al. reported the effect various NHC SAMs on the work function (WF) 

of films of gold in 2017 (Figure 1-10).132 Having a high WF of 5.2 eV is one of the factors 

that limits the use of gold in the electronics industry. Thiol-based films are able to lower 

the WF of gold to 4 eV, however, thermal and oxidative instability is problematic.133 In 

order to measure the WF of the NHC films on Au(111) UV photoelectron spectroscopy 

(UPS) was used. The NHC-protected gold films had WF’s between 3.29-3.52 eV, 

considerably lower than that of their thiol counterparts (Figure 1-10).131, 134-135 Also their 

study suggested that some of the bulkier NHCs are not able to bind to the gold in a 

covalent fashion as evidenced by their calculated bond distance as well as their Bader 

charges,136 which are similar to the isolated molecules predeposition.133 Despite this, 

the increase in dispersion energy by greater van der Waals interactions allows them to 

bind to the surface non-covalently and still lower the work function of the surface.  

 

Figure 1-10: Experimental work functions measured via UV photoelectron 
spectroscopy.132 
 

 

 The groups of Glorius and Fuchs imaged films of NHCs on Au(111) and found 

high levels of surface ordering using low-temperature (77 K) STM.133 For their study 

they utilized NHCs 1-7, 1-10, and 1-16 and their surface morphology was examined, 

with different arrangements observed based on the NHC used (Figure 1-11). One of the 

most common carbenes, NHC 1-10, did not display any ordering on the surface, which 

is consistent with previous reports conducted at room temperature.30 When NHC 1-7 

was used however, a hexagonal pattern was seen. At 0.01 monolayers of NHC present, 
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NHC 1-7 bound to gold in elbows of the herringbone structure, a defect observed in 

Au(111), while at higher concentrations of 0.05 monolayers, the NHC bound to gold in 

the fcc area of the surface (Figure 1-12d).133 NHC 1-7 also displayed high mobility on 

the gold surface, which was ascribed to the NHC moving with the atop gold atom on the 

surface. Measurements of the height of NHC 1-7 support the theory that it binds to 

adatoms present on the surface and/or extracted gold atoms from the surface. When 

the same STM measurements were performed on a film of 1-10, no movement was 

observed, suggesting that high mobility is limited to sterically hindered carbenes. The 

proposition of Marder, along with this study, suggests that this NHC may bind to Au with 

a distinctive mechanism. Thermal treatments of NHC 1-7 on Au(111) display the NHC 

maintaining its bond to the surface at comparably high temperatures.133 This implies 

that regardless of whether the carbene binds via intermolecular interactions or a 

covalent bond, it has a strong interaction with Au surfaces. 

 When a carbene with methyl wingtip groups, NHC 1-16, was used, it gave 

various binding geometries.62 At lower coverages, the NHC appeared to lie flat in dimers 

and trimers, while a close packed rectangular geometry was seen with one monolayer 

of coverage by STM. The presence of flat dimers of the NHC was confirmed on Au and 

Cu by the Crudden group in a study of the effect of wingtip size of NHCs on their 

respective surface orientation on various metals.62 By changing the wingtip from methyl, 

ethyl and isopropyl on benzimidazolyidene carbenes, the Crudden group observed 

distinctive surface geometries on both Au(111) and Cu(111) surfaces. STM and high 

resolution electron energy loss spectroscopy (HREELS) were used to investigate 

surface morphology, with the latter of great importance as it is a bulk technique that 

characterizes the entire surface. NHC 1-5 was seen by HREELS to be oriented normal 

to the surface of both Au and Cu, while both ethyl and methyl-substituted NHCs (1-1 

and 1-17) give spectra that are consistent with them lying flat on the surface.62  
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Figure 1-11: a) The STM image (V = −2.2 V, I = 34 pA) shows 1-10@Au directly 
bonded to a Au(111) surface. b) STM image (V = −0.6 V, I = 21 pA) of 1-16@Au on 
Au(111). A unit cell with a distance of a = 11.5 ± 0.3 Å and b = 15.7 ± 0.3 Å is indicated. 
c) The STM image (V = 2.73 V, I = 25 pA) of 1-7@Au on Au(111) shows a highly 
ordered and dense hexagonally packed full monolayer. d) Submonolayer STM image (V 
= −1.94 V, I = 12 pA) that shows 1-7@Au preferentially occupying the fcc regions and 
elbow positions. The dashed lines indicate the domain walls of an Au(111) herringbone 
reconstruction. Reproduced from Glorius et al.133 

 

   

 Figure 1-12 shows that the methyl and ethyl NHCs (1-1 and 1-17) have a strong 

peak in the HREELS spectra at 730 cm-1, which is assigned to the out-of-plane aromatic 

C-H bending mode. If the NHCs were normal to the surface, this peak would be 

suppressed − its presence here implies that the NHCs lie flat on the surface.62 The C-H 

stretches from the aromatic ring at 3000 cm-1, as well as the peaks at 1250-1600 cm-1 

from the C-N and C=C stretches, in addition to the C-H bending modes all had low 
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intensity for NHCs 1-1 and 17 (methyl and ethyl) (Figure 1-12). Both the suppression of 

these peaks as well as the increase in the peak at 730 cm-1 support the fact that these 

NHCs are predominantly lying flat on both copper and gold metal surfaces.  

 In contrast to the results for the methyl and ethyl derivatives, when NHC 1-5 was 

analyzed using HREELS, all of the peaks that were suppressed in the ethyl/methyl 

spectra were increased in the isopropyl and vice versa, indicating a change in surface 

orientation.62 This result with both Cu(111) and Au(111) is consistent with previous 

results on Au(111) as discussed above.29 The binding energy of the NHC to Cu was 

found to be 152 ± 10 kJ/mol using temperature programmed desorption (TPD) studies 

and the Redhead approximation.137 This is consistent with the same calculation done for 

gold surfaces (within experimental error).29 
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Figure 1-12: NHC-based SAMs on Cu(111) and Au(111): a) Structure of NHC 
precursors. b) HREEL spectra of NHC monolayers derived from 1-1, 1-5, and 1-17 
examined on Cu(111) and Au(111) at 300 K. c) DFT-optimized binding geometry of 
isopropyl-substituted NHC 1-5 on Cu(111). Reproduced from Crudden et al.62 

 

 

 TPD studies showed that the methyl and ethyl NHCs 1-1 and 1-17 desorb at 
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arrays of pairs of NHC2M dimers on the surfaces after annealing (NHC 1-17 on Cu, 

Figure 1-13). This phenomenon has been observed before with isonitriles, as described 

by the Tysoe group.62 Prior to annealing, an intermediate mobile phase was observed, 

which may be the enetetramine due to the molecular geometry seen in the STM 

images. This important report shows how small changes to the sterics of the NHC can 

have a large impact on the bonding geometry, thermal reactivity, and binding energy to 

both gold and copper. Utilizing bulk techniques such as HREELS is crucial to measuring 

these changes on bulk scale.  

 

 

Figure 1-13: Thermally induced formation of (17)2Cu complex on Cu(111): a) High‐
resolution image of features comprising the SAM formed upon annealing to 365 K; (7 

4|1 10) unit cell is marked by overlaid grid. b) Large‐scale STM image of SAM. Domain 
boundaries and a Moiré pattern are visible. c) Molecular structure of (17)2Cu (gas 
phase). d) Proposed model of SAM in a) comprised of two (17)2Cu complexes (overlaid) 
intercalated by Cu adatoms (orange dots). Reproduced from Crudden et al.62 
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 The Papageorgiou group recently arrived to similar conclusions in their study of 

STM of various NHC SAMs, such as NHC 1-16 (Figure 1-14) on Ag(111), Au(111) and 

Cu(111), which was published almost simultaneously with the Baddeley/Crudden 

study.138 The Papageorgiou group utilized the carboxylate adduct of NHC 1-16 under 

UHV for their study. The NHC2M species was seen to lie flat on the surface for all of the 

metals analyzed. Enetetramine dimers were also observed on the surface prior to 

adatom extraction. Observing both the enetetramine dimer and the NHC2M is in 

agreement with the Baddeley/Crudden report,62 as well as with calculations performed 

by Tang and Jiang, as described below.139  

 

Figure 1-14: STM observations of 1-16 on Cu(111). (a) STM image (TSTM 100 K, Us. 
1.58 V, It. 0.11 nA) of a densely packed layer of dimeric NHC–Cu–NHC complexes 
(examples outlined in yellow) on Cu(111). The unit cell of the overlayer structure is 
shown in green. The Cu [110] direction is indicated. (b) Line profile across a dimer – see 
blue line in (a) – compared with the ball-and-stick models of a tetraazafulvalene (top) 
and a Cu(1-16)2 (bottom) unit. (c) Zoom-in STM image (4.5 x 4.5 nm2) of the left domain 
in (a) superposed with molecular models, the underlying Cu(111) lattice (thin lines), the 
overlayer lattice (thick rectangle) and the Cu adatom lattice (dotted line). C, N, H and Cu 
atoms are represented by black, blue, white and orange spheres, respectively. 
Reproduced from Papageorgiou et al.138 

 

 

 Tang and co-workers recently analyzed the stability of NHC 1-6 under 

ultrasonication using electrochemical impedance spectroscopy (EIS).140 EIS is a useful 

technique in monitoring SAM formation and stability. They observed using EIS that over 

90% of NHC 1-6 remained on the surface after 10 minutes of ultrasonication in aqueous 
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media. They also used DFT to model the NHC-based SAM and found that the C–Au 

bond originates from hybridized 2p orbitals on C and 5d and 6s orbitals on Au. They 

also proposed that the NHC binds to adatoms on the surface, as has been observed in 

several previous studies. This particular NHC was first synthesized and used for NHC-

based SAMs by the Crudden group.62  

1.4.2 Computational work of NHCs on 2D surfaces 

In 2016, Richeter examined NHC 1-17 and its binding to Au(111) using DFT 

calculations (Figure 1-15).141 The NHC binding geometry was examined at parallel, 

perpendicular, and tilted 45° from the surface. They concluded that the perpendicular 

geometry with a slightly raised gold atom from the surface had the lowest absorption 

energy (-34 kcal mol-1) of the ones examined. They did not model surfaces with NHC2M 

dimer arrays on the surface, which were found experimentally for NHC 1-17 by the 

Crudden group.62 They also suggest that because the gold atoms are raised whilst 

binding to the NHC that this may facilitate the abstraction of gold-NHC complexes from 

the surface, leading to etch pits that have been observed experimentally by the Crudden 

group.30  

Figure 1-15: DFT-optimized geometries for different grafting models of 1-17 on 
Au(111). Reproduced from Richeter et al.141 
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 In 2016, Vázquez and co-workers used computational methods to calculate the 

conductance of NHC 1-18 adhered between two Au(100) surfaces (Figure 1-16).142 A 

bis-carbene molecule 1-18 was modelled between two gold films and the tip junction 

where the carbene was bound to gold was altered. The highest conductance was seen 

with the pyramidal tip, however other tip structures should be modelled in order to 

properly predict the ideal geometry for maximum conductance between the carbene-

gold junction.  

Figure 1-16: The four tip geometries with NHC 1-18 considered from left to right: 
tetramer (T), adatom (A), pyramid (P) and chain-like structure (C). Insets show a top 
view of the Au slab (orange), Au tip atoms (blue) and the first C atom (brown). In the 
case of the C geometry, the Au atom above the pyramidal structure is shown in green. 

Reproduced from Vázquez et al.142 

 

 

 Recently Fyta and coworkers have simulated NHCs with small diamondoid-like 

molecules on their backbones (NHC 1-19) on various metal surfaces (Figure 1-17).143 

Theoretical simulations were used to model the NHCs on Ag(111), Au(111), and Pt(111) 

surfaces to predict their stability, binding characteristics, and adsorption energies. The 

study concluded that Au(111) and Pt(111) had the strongest bond between the carbene-

diamondoid SAM. The WF of NHC 1-19 on the surfaces was also calculated and 

predicted to be 3.26 eV for Ag(111), 3.80 eV for Au(111), and 4.18 eV for Pt(111). 

These NHC-based SAMs were predicted to be more stable than thiol films, which is in 

line with current research in the area.29-30 
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Figure 1-17: DFT of 1-19 on Au(111), Ag(111), and Pt(111). Reproduced from Fyta et 
al.143 

 

 

The Chen group recently reported the calculated surface adsorption energies of 

NHCs on gold (Figure 1-18).144 Several different types of NHCs were analyzed with 

various levels of steric bulk, ring size, and levels of heteroatoms both with and without 

benzannulation. The factors that increased ΔEabs beyond those tested experimentally 

thus far were found to be ring sizes larger than 6, replacing a nitrogen with a carbon, 

and having an unsaturated backbone.144 This suggests that changing the electronics of 

the carbene directly affects its binding to the metal surface. It should be stated that only 

NHCs with hydrogens as wingtip groups were analyzed for this study, thus the effect of 
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sterics on the binding to the surface was not investigated.  

Figure 1-18: Correlations of protonation energies with binding energies on Au(111). 
Reproduced from Chen et al.144 

 DFT calculations which compare six classes of ligands, including NHCs, on 

Au(111) surfaces were reported in 2017 by Tang and Jiang.139 Of the ligand classes 

examined, alkynes and NHCs with aromatic wingtip groups were projected to have the 

strongest bond to gold. After these classes, the order of binding energy was seen to be 

thiolates, phosphines, aryl radicals, less sterically hindered NHCs, and alkylamines. 

Arylated NHCs are predicted to have higher stability than those without aryl wingtip 

groups due to van der Waals forces between the aryl wingtip groups and the metal 

surface, which accounts for 75% of the total binding energy between the NHC and the 

surface.139 Similar interactions between non-aryl C-H wingtip groups and the surface 

were also found to increase bond energy, but not as significantly as the aryl groups. For 

all NHCs examined, the adatom protrudes slightly from the metal surface, which is 

consistent with intense bonding to the metal as well as with previous calculations.62, 141 

 Conditions where an adatom binds to thiolates, aryls, alkynyls, and less sterically 

hindered NHCs (forming NHC2M complexes with the adatom) were analyzed.139 NHCs 

with mesityl, methyl, and phenyl wingtip groups were also explored as well as ring 

expanded NHCs and cyclic amino alkyl carbenes (CAACs). Tang and Jiang also 

analyzed the stabilization of gold clusters with NHC ligands. Atomically precise gold 

nanoclusters are well known in the literature with nanoclusters of different sizes showing 

drastically different electronic structures as well as activities in catalysis.95, 145 This study 

led to the proposal that an Au13 icosahedral core would be stable with a relatively high 

HOMO LUMO gap in a superatom configuration.  

 Cheng and Lu recently described the use of computational methods to calculate 

how NHC films on Au(111) may react to changes in electrode potential.146 Carbenes 

with large singlet-triplet gaps were modelled on gold surfaces and estimated to have an 

increase in their adsorption energy to gold when the potential moved in the positive 

direction and decreased when it moved in the negative direction. When the same 

modelling experiments were performed with carbenes with smaller singlet-triplet gaps, it 

was predicted that their respective adsorption energies on gold would still have the 
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same relationship with potential; however the changes in adsorption energy would be 

estimated to be much lower. Along with Au(111) films, Ag(111), Pt(111), and Cu(111) 

were also analyzed and showed similar trends. Utilizing these predictions to direct 

research efforts may be advantageous, as for example carbenes that possess a low 

singlet-triplet gap are theorized produce NHC SAMs on metal surfaces that are more 

robust to electrochemically reducing conditions. 

 Recently Foti and Vázquez studied the effect of a surface NH2 group on the 

current-induced heat transfer to an adjacent 1-33 carbene–based molecular circuit 

using computational methods (Figure 1-19).147 They found that charge rearrangement 

from the surface NH2 gates the carbene structure and reduces the electron density of 

the carbene close to the Fermi level. This study predicts that surface adsorbates are 

important to the efficiency of electronic and elastic transport properties of carbene-

based molecular circuits.  

Figure 1-19: a,b) Front and side view of NHC 1-33 attached to clean electrode 
terminations. c,d) Front and side view of the junction in presence of a NH2 group 
adsorbed on one side of the junction. Reproduced from Vázquez et al.147 

 

 

1.4.3 Demonstrated applications of NHCs on 2D surfaces 

There are not many examples of NHC-based SAM applications as the field has 

only recently emerged. One of the few current examples in the literature is their use in 

surface plasmon resonance (SPR) based biosensing applications.29, 42, 148 Recently, 

NHC SAMs have also been tested in surface enhanced raman spectroscopy (SERS),149 
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and although they have not been tested for SERS biosensing at this time, the future 

utilization of NHC SAMs for this application is apparent.  

In SPR-based sensors, the evanescent wave phenomenon is employed in order 

to achieve real-time analysis of biomolecular interactions between surface ligands and 

analytes in solutions.150 For effective SPR-based sensing, the sensor must consist of a 

stable support for the analyte and be robust to many different chemical conditions 

during detection and regeneration such as various different biologically relevant pH and 

buffer conditions.151 Thiol-based SAMs have been widely used for SPR biosensing in 

the past.152-153 Crudden, Horton, and co-workers synthesized gold SPR chips with NHC 

1-6 in order to study NHC-based SAMs in SPR biosensing.148 This NHC was chosen as 

a comparison for hydrophobic association (HPA) thiol-based chips, as they are a 

standard chip used in biosensing and are relatively simple. HPA chips have been used 

in the preparation of hybrid supported bilayers, which are then used to measure 

receptor-analyte interactions comparable to interactions occurring in cell membranes.152 

When chips functionalized with NHC 1-6 were exposed to phosphatidylcholine, a clean 

supported biolayer was prepared. This is not possible directly with the HPA chip, as 

multilayers and surface vesicles form instead, which must then be removed to achieve a 

clean biolayer (Figure 1-20).  

In order to further assess the quality of the bilayer on the chip, they were 

exposed to bovine serum albumin (BSA), which is a quality indicator since it binds to 

imperfections in the bilayer.154 The NHC chip adsorbed less BSA than the HPA chip, 

especially at pH extremes (Figure 1-20).148 This is likely an indicator of the superior 

stability of NHC-based films at different pHs, compared with thiol-based SAMs.29-30 

Protein testing with the chips was conducted with melittin, a typical membrane-bound 

protein. Using optimized conditions for sensing of this protein the NHC chip gave 

reproducible results while the HPA chip was unable to measure accurate melittin 

binding. 
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Figure 1-20: a) 1-6@Au and HPA chip structures b) Schematic illustration of biotin 
sensing on NHC-based dextran-linked version of streptavidin (NHC-SA) chip surface. c) 
Response of biotin as observed on the NHC-SA chip surface. d) Planar supported 
hybrid bilayer formation on NHC and HPA chips as monitored by SPR. e) Analysis of 
chips from d by scanning electron microscopy, indicating vesicle presence on HPA 
chips. f) Run-to-run variability in BSA adsorption on both chips as a function of buffer 
and pH. Average of four to eight runs in each case with standard deviation shown as a 
black bar. Reproduced from Crudden et al.29 
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 In 2017, this work was extended by Crudden, Horton and co-workers who 

prepared more complex NHC SAMs that contained carboxylated dextran tethers with a 

streptavidin layer.42 Carboxylated dextran-containing SAMs are often utilized for 

biosensing due to their stability and modifiability.153, 155 They have also been previously 

used in affinity chromatography. By coupling carboxylated dextran to NHC-based chips 

the Crudden group envisioned a more universal and modifiable NHC-based SPR 

sensor.42, 148 Validation tests were done to measure SPR performance, with antibody-

antigen and drug-plasma protein interactions investigated. When compared to thiol-

based SAMs similar results were obtained. SPR showed that homogeneous surfaces 

were achieved with NHC sensors, and they had increased thermal stability when 

compared to the thiol films. Both studies using NHC SAMs for SPR sensing provided 

encouraging results for the continuation of research in this area.  

 SERS is used in many fundamental and commercial applications, including 

biosensing.156 Jenkins and Camden recently reported the first example of an NHC-

based SAM being used in SERS on a gold film covering nanosphere silver substrates 

(AuFONs).149 They utilized NHC•CO2 adducts 1-5, 1-34, 1-35, and 1-36 and vacuum 

deposition to prepare the SAMs (Figure 1-21). Benzimidazolium peaks in the raman 

spectra were enhanced by the SERS. In order to test this further, NHCs with functional 

groups that do not show up in normal Raman spectroscopy, such as nitrile groups, were 

made.157 These vibrational modes were observed, confirming that SERS was occurring 

on the surface. The stability of the resulting films was tested in a variety of solvents, 

base, acid, and reductants. The NHC films remained in all these conditions, while their 

thiol counterparts decomposed. Additionally, they showed that post-deposition grafting 

was possible on the surface by hydrolyzing an ester on the backbone of NHC 1-35 as 

well as reforming it from the resulting carboxylic acid. These results are promising for 

future SERS-based biosensing applications. 
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Figure 1-21: Surface-enhanced Raman scattering spectra of films functionalized with 1-
5 (orange trace), 1-34 (blue trace), 1-35 (red trace), and 1-36 (green trace). Asterisk (*) 
indicates contribution from polystyrene bands. Reproduced from Jenkins et al.149 

 

 

 

 These preliminary applications of NHC-based SAMs show the utility of this new 

class of materials. However, many more future applications can be envisioned for these 

materials. Their resistance to moisture and air may make them useful in corrosion 

protection of metals, as well as in microelectronics, and their stability at oxidative 

potentials would make them useful in electrochemical applications in that potential 

regime. Their use in other applications in which thiols are historically used as well as 

those that thiols could not perform in will indefinitely be forthcoming in the literature. 
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Chapter 2 

Self-Assembled Monolayers on N-Heterocyclic Carbenes on Gold for 

Catalytic Water oxidation 

2.1 General Introduction to Homogeneous Water Oxidation Catalysts 

 Sourcing renewable, non-environmentally harmful energy is an absolute 

necessity. Alternative fuel sources would ideally be carbon neutral, produce no harmful 

by-products, and be easily deliverable to the consumer. One unlimited source of energy 

that has not been fully utilized is the sun, which if harnessed correctly could replace 

fossil fuels.1 The sun currently irradiates the earth with 4.3 x 1020 J of energy in one 

hour and in 2016, the world energy consumption for the year was 5.8 x 1014 J, thus if 

solar energy was efficiently used it would more than cover the global demand for 

energy.2-3 While the efficient harnessing of solar energy is an energetic area of 

research,4-6 energy storage is still a challenge. This is crucial as the sun is not available 

at all times for energy capture, and not all areas are well suited for solar energy. 

Currently feasibility studies on infrastructure have been done for hydrogen fuel 

transportation, and although they are expensive, they are deemed worthwhile in the 

long run.7 One of the most viable options for portable fuel is the water splitting reaction 

to produce hydrogen fuel via artificial photosynthesis.1 By utilizing solar energy for this 

process, energy from the sun can be converted into a portable fuel, hydrogen that may 

be employed in the existing infrastructure for fossil fuels. 

Hydrogen as a fuel source is advantageous as when it is burned, the only major 

by-product is water, therefore no harmful NOx, SOx, CO, or CO2 would be released into 

the environment.8 Hydrogen-based fuel cells are already accessible and used in 

industry,9 solar cells are available globally,10 and catalysts for water splitting are well 

studied in the literature.11 Water splitting is a redox process wherein both hydrogen 

reduction and water oxidation must occur to produce hydrogen and oxygen gas from 

water. While the hydrogen reduction half reaction is energetically accessible (0 V at pH 

= 0, Scheme 2-1), water oxidation has several thermodynamic and kinetic barriers to 
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overcome (1.229 V at pH = 0, Scheme 2-1). Therefore industrial hydrogen is still 

produced mainly from hydrocarbon steam reforming,12 as opposed to water splitting. 

Steam reforming uses hydrocarbons and so generates carbon dioxide as well, and is 

therefore not carbon neutral. Therefore finding an effective water oxidation catalyst, the 

troublesome half reaction in the process, has often been labeled as the challenge of the 

century.13 

 

Scheme 2-1: Water splitting reaction 

 

 

A significant challenge for synthetic water oxidation catalysts is overcoming the 

thermodynamic and kinetic barriers, with the mechanism highly dependent on the 

reaction conditions of the process.14-15 In order to oxidize water, four protons and 

electrons must be released from two water molecules in tandem with O-O bond 

formation for water splitting to occur, with this half reaction being 1.229 V at standard 

conditions (pH = 0). However a large overpotential above 1.229 V (typically greater than 

400 mV) is often needed to overcome the kinetic barriers for oxygen evolution in order 

to produce meaningful amounts of O2.
16 Certain pathways involving single electrons 

must be avoided as these are more endothermic, and thus control of the electron 

transfer processes is critical.17 Also since charged species have larger oxidation 

potentials, proton transfers must also be synchronized to preserve reaction efficiency. 

Lastly the oxidant strength (overpotential) must be minimized to achieve maximum 

energy output.18 Amazingly nature has balanced all these requirements in a complex 

system of electron and proton transfers within photosystem II.19-21  

Oxygen evolution from water is an important chemical process in nature 

performed by the oxygen evolution catalyst (OEC) in photosystem II.19-22 This is the 

2H2O O2 + 2H2

O2 + 4H+ + 4e-2H2O

4H+ + 4e- 2H2

Water Oxidation

Hydrogen Reduction
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process used by plants and green algae to convert CO2 into carbohydrates in 

organisms. As the most difficult part of the water splitting reaction is that of oxygen 

evolution, creating synthetic analogues of photosystem II’s OEC is highly desirable.23 

The core of OEC contains four manganese atoms and one calcium atom,20, 22 and all 

were originally proposed to be necessary to efficiently oxidize water.24 The one 

challenge associated with photosystem II is its sensitivity to photodamage at the D1 

protein and the inability to repair this damage by singlet oxygen. However, as new D1 

proteins are produced every 30 minutes, nature has even found a solution to this 

problem.25  

For the last several decades chemist have endeavored to simulate the OEC in 

photosystem II to generate hydrogen fuel from water.26-28 One approach is to replicate 

the OEC using Mn clusters in a biomimetic fashion,29 the other is to use transition metal 

catalysts that are stable at high oxidation states such as iridium or ruthenium.26 

Regardless of what metal is chosen for the process, developing artificial catalysts is 

incredibly difficult due to the need for very low pH, the highly oxidizing environment of 

the reaction, and a lack of mechanistic insight to the process.16, 28 These conditions may 

lead to decomposition of ligands bound to the metal center and ultimately the formation 

of metal oxide nanoparticles. This causes problems when measuring catalytic activity as 

nanoparticulate metals and metal oxides often display activity of their own, which makes 

discerning the most active catalyst along with its mode of operation incredibly difficult. 

Recently molecular catalysts with strong donor ligands have been shown to be robust to 

these conditions and prevent the formation on metal oxide nanoparticles.30-31  

The first reported molecular water oxidation catalyst (WOC) was Meyer’s “blue 

dimer” (WOC-1,Chart 2-1) in 1982, which contained two metal centers, which were 

originally thought to be necessary for the process.32 Originally water oxidation catalysis 

was proposed to proceed through a radical coupling pathway, which requires two metal 

centers in close proximity. It was not until 2005 that Thummel showed that a 

monometallic complex was indeed capable of catalyzing water oxidation, via a 

mechanism that involved “water nucleophilic attack” (Scheme 2-2) and did not require 

two closely spaced metal centers.33-34 These two main classes of potential mechanisms 

for water oxidation, the water nucleophilic attack (WNA) and the radical coupling 
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pathway (Scheme 2-2) illustrate how the structure of the catalyst directly effects the 

dominating mechanism of the process. Also in 2008, Bernhard reported an iridium-

based water oxidation catalyst, WOC-3 (Chart 2-1), that appeared to function through a 

mono-metallic mechanism (Scheme 2-2).35 Since this time the area of monometallic 

WOCs has numerous examples in the literature and with them a greater understanding 

of the various mechanisms for this process.26, 28, 36-37 Albrecht has also reported 

monometallic Ir complexes WOC-4 and WOC-5, Chart 2-1, that are effective catalysts 

for water oxidation, and are some of the most robust systems known to date.15, 38 These 

catalysts contain highly electron donating triazolylidene ligands, which are oxidatively 

inert.39  

 

Chart 2-1: Molecular water oxidation catalysts WOC-1,32 WOC-2,40 WOC-3,35 WOC-4,39 
and WOC-5.38 

 

 

Albrecht has also shown that the triazolylidene ligand may participate in proton 

transfer during water oxidation, which is critical for the reaction. The Albrecht group has 

reported catalysts with >10,000 turnovers after five days employing chemical oxidants 

such as cerium ammonium nitrate (CAN), with the solubility of CAN being the limiting 
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factor in this process.39 Since this report, other triazolylidene-based catalysts have been 

reported for this process. Together with Bernhard, Albrecht has shown that both 

monometallic and bimetallic iridium catalysts are capable of catalyzing this process.41 

Developing a system that supports this class of extremely active and robust catalysts on 

a surface is the ultimate goal of this project. 

 

Scheme 2-2: Water oxidation mechanistic pathways and iridium catalytic cycle with 
Ce4+ as a sacrificial oxidant. Adapted from Berlinguette et al.28 
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Although the most economical catalysts would contain less expensive and more 

accessible metals such as Co, Ni, and Fe, the most effective catalysts are Ir and Ru 

based.16 This is due to the fact that Ir and Ru catalysts have enhanced stability at low 

pH values in comparison to other metals used for water oxidation, and access to many 

stable oxidation states.16 Ir catalysts are used in large commercial processes such as 

the Cativa process, which has replaced the Wacker and Monsanto processes for acetic 

acid production.42 The Cativa process accounts for 60% of the global demand for acetic 

acid, which totals approximately 6 million tonnes annually.42 Although not all industrial 

scales are equal, this shows the feasibility of an Ir-based catalyst for use on an 

industrial scale, even if it is smaller than the scale necessary to use these catalysts for 

energy purposes. 

2.2 Supported Catalysis 

Homogeneous systems have some advantages over heterogeneous catalysts, 

mainly in the ability to closely investigate their mechanism as well as to easily and 

rationally optimize their structure. However, heterogeneous systems have the 

advantage of recyclability, which is important for use of catalysts on an industrial scale 

for economic and environmental reasons as precious metals are both expensive and 

rare. While recyclability is not impossible with homogeneous catalysts, the process is 

often more difficult as extraction is required over simple filtration. The immobilization of 

existing catalysts that are known to have high catalytic activity allows for the benefits of 

both homogeneous and heterogeneous systems to be maintained as the systems can 

easily be optimized and studied, as well as recovered in their real-world applications. It 

has been shown that NHC ligands may be incorporated in a material and their metal 

complexes remain active in the heterogeneous phase.43-46 This class of ligands is also 

easily modifiable, which allows for various tethers to be added to the motif while 

maintaining catalytic activity. 43-44, 46 There are currently close to 300 reports of NHC 

compounds immobilized on various supports since the seminal reports of a supported 

NHC complex in 2000.47 In the 18 years since that time, this area has grown rapidly, 

especially so in the last decade.47 There have been multiple reviews on the subject that 
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discuss not just the supported systems themselves, but methodologies that have been 

used to link NHC complexes to multiple types of supports.47-49 

When supporting an NHC ligand there are three main synthetic steps that must 

be done to achieve the desired material. The NHC ligand must be synthesized with a 

tether linkage somewhere on the ligand, the ligand must be metallated, and the ligand 

must be immobilized on the support. Material formation does not always follow these 

steps linearly, but all three steps must be completed for the complex to be 

heterogenized (Figure 2-1). When considering what part of the NHC to tether to the 

surface there are several options. First, the linkage may be through the N-substituent, 

herein referred to as the “wingtip” group, or the linkage may be on the non-carbenic 

carbons on the ring, herein referred to as the “backbone” of the NHC. By far the easiest 

group to modify is the wingtip group as many different alkylation or arylation techniques 

exist and by careful selection of the alkyl or arylation groups, a tether may be added on 

in this step.  

 

Figure 2-1: Strategies for preparing NHC-supported catalysts (modified from WOC-5).47 
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Characterization of the materials in each step of the immobilization process is 

key to understanding the properties of the resulting material. Several different analytical 

techniques can be used to analyze the resultant materials. The NHC moiety must 

clearly be characterized on the surface to confirm its presence and the amount of NHC 

must also be quantified.  

The triazolylidene ligand is known to enhance the catalytic activity of iridium for 

water oxidation and all available data suggest that it remains coordinated to the metal 

site during the process.15, 38-39, 41, 50-53 This makes it ideal to support onto a solid-phase 

material, such as a film of gold. Triazolylidenes and their parent compounds triazolium 

salts and triazoles are readily modified as they are created by “click” chemistry.54 The 

azide or alkyne chosen for this reaction can be made in a variety of ways, all of which 

could facilitate the attachment of the ligand to a solid support. With our desired catalyst 

chosen (Figure 2-2), an appropriate material to support the catalysts must be decided 

upon. The support must be able to withstand high or low pH and highly oxidative 

conditions. It would also be necessary for the material to be conductive to facilitate 

operation in an electrocatalytic manner so that a sacrificial oxidant, such as CAN, would 

not be necessary. In the future, I also have the option of sourcing the electricity 

necessary to drive the reaction from renewable sources such as electrochemistry. 

 

Figure 2-2: Albrecht catalyst for immobilization on a solid support.38 
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NHC ligands are known to stabilize metal surfaces,55-57 and have been found to 

be resilient to highly oxidizing electrochemical conditions as well as a wide pH range.55 

These two characteristics make them ideal for supporting water oxidation catalysts. As 

in the initial report the reaction was done in situ on the material, the first approach also 

followed this methodology and attempted all reactions on the surface. Later approaches 

were altered to do reactions ex situ to maintain the maximum amount of 

characterization of our catalyst prior to surface deposition. These two distinctly different 

routes to approaching the synthesis of these materials will herein be referred to as off-

support or on-support synthesis. 

2.3 Results 

 Highly active triazolylidene iridium catalysts from Albrecht, our collaborator, were 

chosen to bind to surfaces using NHCs. Two general routes were envisioned for the 

synthesis of the catalysts (Scheme 2-3). In the first, the ligand and catalyst are prepared 

on-support after deposition of a suitably functionalized NHC. In the second route, the 

iridium complex is synthesized largely in solution and then tethered to an NHC 

precursor for deposition on gold. Below both of these approaches, their synthetic 

hurdles, and results will be discussed.  

 

Scheme 2-3: General routes taken to make NHC-supported catalyst on Au(111). 
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2.3.1 Heterogenization followed by ligand formation and metallation: on-support 

synthesis 

The initial approach for tethering a triazolylidene ligand was to utilize the pre-

existing synthesis for surface bound triazoles, then alkylate or arylate the triazole to 

form a triazolium salt on the surface, then deprotonate this salt to make a triazolylidene 

in situ and metallate with pentamethylcyclopentadienyliridium(III) chloride dimer 

([IrCp*Cl2]2), the iridium precursor that Albrecht uses when forming his catalysts 

(Scheme 2-4). The routes discussed below have the ligand formation and metalation 

occurring on-support. 

 

Scheme 2-4: Initial route for preparation of supported NHC-based water oxidation 
catalyst  

 

 

2.3.1.1 On-support synthesis routes 

Several approaches were taken to tether a water oxidation catalyst to a 

preformed NHC-based SAM on gold. The first approach was based on the NHC SAMs 

on gold publication from our group.55 Thus, 4-amino-3-nitrophenol was reacted with 1,6-

dibromohexane and base (K2CO3) overnight to afford 2-1 in good yield (Scheme 2-5). A 

shorter chain length to that used in the 2014 report, 12 carbons long, was chosen to 

have the catalyst closer to the gold surface. Next, the imidazolium ring was closed using 

iron powder and formic acid giving benzimidazole 2-2 in 69 % yield. Then the terminal 

bromine substituent was converted to an azide via a substitution reaction with sodium 

azide in DMSO for 5 hours to make 2-3 in 67 % yield. The benzimidazole nitrogen 
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base to give 2-4 (75 % yield). This was used to functionalize the gold surface after 

formation of the free carbene. 

 

Scheme 2-5: Synthesis of supported catalyst via azide iodide salt for free carbene 
deposition on gold 

 

 

 The use of hydrogen carbonate salts for surface deposition was not yet known at 

the time so 2-4 was reacted with potassium tert-butoxide to give the free carbene that 

was then exposed to an Au (111) surface to create 2-4@Au (Scheme 2-6). Surface 

functionalization was confirmed by XPS analysis. Then, following a similar method from 

our previous publication,55 phenylacetylene was used in a copper catalyzed Huisgen 

cycloaddition, commonly referred to as a “click reaction” to afford 2-5@Au.55 

Unfortunately with the copper catalyzed click reaction, when Au(111) on mica was used, 

visible yellow deposits, presumably Cu1+, were observed with the naked eye. This was 

later confirmed to be Cu by XPS. Copper contamination could be somewhat decreased 

with excessive washing, however, a base-catalyzed click reaction was explored as an 

alternative to limit copper contamination.  
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Scheme 2-6: Synthesis of supported catalyst via surface reactions of azide tethered to 
NHC SAM on Au(111) 

 

 Films were also prepared employing 75% NHC 2-6 and 25% NHC 2-4 (Figure 2-

3) in order to dilute the catalyst on the surface, and the XPS studies of these films were 

consistent with successful deposition at approximately this ratio, suggesting that neither 

the azide NHC nor the alkyl NHC have preferential binding to gold. While this 

phenomenon was not investigated further at the time, it is important for future 

applications where the catalyst on the surface may need to be diluted. The ability to 

dilute the catalyst on the surface will be important in determining the mechanism of 

action and optimizing catalytic activity.41  

 

 

Figure 2-3: Mixed NHC SAM on Au(111) composed of 75% 2-6@Au and 25% 2-4@Au. 

 

 

 As an alternative to the generation of the free carbene, I also investigated the 

use of hydrogen carbonate NHC salt of 2-4 using a procedure optimized by my 

colleague Mina Narouz, which will be discussed in greater detail in Chapter 3.56 This 

made surface deposition considerably easier as inert atmosphere, no strong base was 

required to form the free carbene. The hydrogen carbonate salt corresponding to the 

desired carbene simply needs be dissolved in HPLC methanol and exposed to an 
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Au(111) surface to produce a NHC SAM 2-4@Au (Scheme 2-8).56 These films were 

found to be similar to those produced via the free carbene method.55-56  

To avoid exposing the Au surface to potential metal contaminants such as Cu, 

the copper-catalyzed click reaction was performed prior to surface deposition affording 

2-5 in 30 % yield (Scheme 2-7). This salt was then subjected to the HCO3-resin to afford 

2-5 •HCO3 in 42 % yield, which was used for surface deposition to give 2-5@Au. 

Concurrently I also attempted the base-catalyzed click reaction on surface-bound NHC 

2-4, employing potassium tert-butoxide as the catalyst.58 This reaction selectively gives 

the 1,5-disubstituted triazole as opposed to the 1,4-disubstituted triazole that the copper 

catalyzed click reaction affords. As the base-catalyzed click does not require copper, 

which was observed to contaminate the surfaces in this reaction, it was to generate 

triazole species 2-7@Au. This was then arylated and metallated to give 2-8@Au and 2-

9@Au respectively (Scheme 2-8). XPS analysis of these chips indicated that this 

process proceeded cleanly giving a surface-bound catalyst as the ratio of nitrogen to 

carbon to iridium (calculated N/C/Ir = 5/43/1, observed 5/45/1). To test the effectiveness 

of this catalyst, UV-visible spectroscopy with cerium ammonium nitrate (CAN), a 

sacrificial oxidant for the process, was performed and will be discussed in section 2.4. 

 

 

Scheme 2-7: Synthesis of supported catalyst via solution-phase click reaction followed 
by hydrogen carbonate-assisted deposition of 2-5 
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Scheme 2-8: Synthesis of supported catalyst via on-support base-catalyzed click 
reaction to give 2-7@Au followed by arylation and metallation to give 2-9@Au 

 

 

 In these initial feasibility reactions, phenylacetylene was employed as it is 

commercially available and relatively inexpensive. However Albrecht has shown that 

having a pyridine group as opposed to a phenyl will increase catalytic activity, most 

likely due to the lone pair on nitrogen that can donate to the metal center.15 Thus I 

employed 2-ethylylpyridine to incorporate this feature into my ligand.15 In the previous 

syntheses discussed, reproducibility of surface reactions was ideal potentially due to 

degradation of the film via the strong base utilized, thus, it was decided that the click 

reaction should be carried out prior to the surface reaction. To achieve this, 2-

ethynlylpyridine was reacted with 2-4 in a copper catalyzed click reaction to give the 

1,4-disubstituted triazole, 2-10 in 55 % yield (Scheme 2-9). The base-catalyzed click 

reaction was also attempted with 2-4 in DMSO, however it was unsuccessful,58 likely 

due to the fact that the base (KOtBu, pka ~32 in DMSO)59 would preferentially 

deprotonate the carbenic proton (pka ~ 19 in DMSO)60 instead of catalyzing the click 
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using Cu-catalyzed click and then exposed to the HCO3-resin to give 2-10 •HCO3 in 94 

% yield, which was then used to functionalize Au(111) to afford 2-10@Au. Arylation of 

the surface and metallation was then attempted to give 2-11@Au and 2-12@Au 

respectively. To limit possible contaminant, I switched from NaHMDS as a base in the 

metallation step to NaH, as the bi-product of the deprotonation with NaH would be H2 

gas which would leave the solution and not affect the surface. 

 

Scheme 2-9: Synthesis of supported catalyst via click reaction with 2-ethynylpyridine to 
give 2-10 and its subsequent surface deposition and reactions 

 

 

 

 After carrying out the click reaction in solution, reproducibility issues were still 

being encountered with the films. Thus the stability of our films to the arylation 

conditions was tested to determine if this surface reaction was problematic. Several 

films of 2-10@Au were subjected to DMF at room temperature and at 90 °C, both with 

and without diphenyliodonium tetrafluoroborate. In all cases, lower levels of nitrogen 

were observed in the XPS spectra, indicating removal of the NHC from the surface 

(Table 2-1). In all cases, a loss in the area of N 1s was observed, however the 

maximum loss was seen with DMF and Ph2IBF4 together. 
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Table 2-1: Stability tests of 2-10@Au in DMF 

 

 

 To rectify this reproducibility issue, I examined alternative methods to alkylate the 

triazole on gold. Trimethyloxonium tetrafluoroborate, an alkylating agent with a 

noncoordinating counterion, was reacted with 2-10@Au to give 2-13@Au, a reaction 

that can be performed at room temperature in dichloromethane. This was chosen 

instead of methyl iodide as gold is extremely iodophilic. The XPS of this surface 

however was difficult to interpret as high levels of fluorine contamination remained on 

the surface even after excessive washing with multiple solvents. While 2-13@Au was 

metallated to produce 2-15@Au, which was later used in experiments to test its activity 

as discussed in section 2.4, it was not pursued further than this as the XPS results were 

ambiguous due to the excess of fluorine observed. Benzylbromide was also examined 

as an alkylating reagent in refluxing in an attempt to make 2-14@Au (Scheme 2-10), 

however it appeared that the NHC on the surface was also removed by these reaction 

conditions. This leads to the conclusion that the NHC–Au bond may not have high 

stability in polar organic solvents at elevated temperatures, conditions that were not 

examined in the initial publication.55  

Entry Temperature Ph2IBF4 CuSO4 Percent of remaining N 1s

1 90 yes yes 39%

2 70 yes yes 46%

3 50 yes yes 51%

4 90 no no 59%

5 90 no yes 43%

6 90 yes no 15%
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Scheme 2-10: Attempted synthesis of supported catalyst via alkylation of 2-10@Au with 
Me3OBF4 or BnBr and subsequent metallation to form 2-15@Au 

 

 

 In an attempt to study this reaction further and avoid the issue of loss of the NHC 

from the surface, quaternization reactions were carried out in solution. To achieve this, 

2-10 was reacted with 3 equivalents of trimethyloxonium tetrafluoroborate to give 2-16 

in 63 % yield. Excess alkylating reagent was necessary since mixtures of products were 

obtained when 1 equivalent was used. This may come from unselective methylation of 

either the triazolium nitrogen or pyridine nitrogen, which is consistent with results from 

Albrecht.38 The tri-salt 2-16 was then subjected to the HCO3-resin in methanol in an 

attempt to synthesize 2-16 •HCO3 . Unfortunately, this resin exchange was never 

effective (Scheme 2-11), likely due to the necessity to exchange three counterions, and 

thus this method was not pursued.  
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Scheme 2-11: Synthesis of supported catalyst via methylation of 2-10 with Me3OBF4 to 
give 2-16 and attempted resin exchange 

 

 

 

2.3.2 Ligand Formation and Metallation followed by Heterogenization: Off-Support 
Syntheses  

 In addition to examining construction of the catalyst on the surface, I also 

explored methods where the catalyst was assembled in solution as much as possible 

prior to reaction with the surface. I began with the tri-salt prepared in the last section 

and instead of employing the hydrogen carbonate route; I attempted to form the free 

carbene through deprotonation of 2-16 with strong base, however due to the limited 

solubility of 2-16 in most organic solvents the free carbene could not be generated in 

reasonable yields. In addition, because of potential issues with selective deprotonation 

of the desired benzimidazolium in the presence of the other carbene precursors, I did 

not pursue this method aggressively. The need to form one NHC prior to the other to 

eliminate the potential for mixed metallation products means that the triazolium ligand 

must be synthesized first, then metallated to iridium, and finally the normal NHC must 

be attached to the catalyst so that surface deposition can be performed. Based on 

unpublished results from the Albrecht group,38 I decided to test substitution reactions on 

functionalized iridium complexes.  

 It is therefore relevant to examine the synthetic scheme to make Albrecht’s 

catalyst 2-19 in order to modify their route to make a surface mountable NHC (Scheme 

2-12). In the first step, they reacted 2-ethynylpyridine with phenylazide to provide the 

1,5-disubstituted triazole 2-17. Then 2-17 was reacted with 1-bromooctane to give the 

bromide salt, which was immediately converted to the triflate salt 2-18 via a silica 

column with a solution of sodium triflate in as the eluent. This salt was then reacted with 
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Scheme 2-12). There are many places that a tether to an NHC could be incorporated in 

this route such as the alkyne, the azide, or the alkyl group on the triazole (Scheme 2-

12). The alkyl group is particularly promising as many multi-functional alkyl halides are 

commercially available, such as 1,6-dibromohexane, which was utilized in previous 

synthetic schemes in this project. Terminal alkyl halides are easily modifiable with a 

variety of techniques, thus, the alkyl substituent was targeted as the site to introduce a 

tether for surface functionalization.  

 

Scheme 2-12: Albrecht Synthesis of catalyst 2-19.38 

 

 

 2-(1-Phenyl-1H-1,2,3-triazol-5-yl)pyridine (2-17) was synthesized from Albrecht’s 

procedure as described above (Scheme 2-12). As a starting point for the alkylation of 

triazole 2-17 with 1,6-dibromohexane, I employed Albrecht’s conditions (140 °C, 6h, 

microwave, Scheme 2-13), however lowering the temperature and reaction time to 80 

°C and 2h respectively enabled the suppression of unwanted bi-products from forming 

due to overalkylation of the other nitrogens in the system. Adding catalytic amounts of 

sodium iodide (15 mol%) increased the rate of substitution, giving the product in 14% 

yield after silica column chromatography. This was optimized further to 1 equivalent of 

NaI (MeCN, microwave, 80 °C, 2h) and a 35% yield of the product was obtained. This is 

in line with yields from the 1-bromooctane reaction by Albrecht (31% after silica column 

chromatography) and thus no further optimization was attempted. Compound 2-20 was 

then converted to triflate salt 2-20•OTf to prevent halide mixing at the metal center in 
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the next reaction. The triflate salt was then metallated to afford 2-21 successfully using 

the same conditions reported in Albrecht’s study.38 With 2-21 in hand, I then set out to 

prepare a hydroxylated NHC component to couple with our catalyst.  

  

Scheme 2-13: Initial route for solution phase synthesis of iridium catalyst 2-21 

 

 

 Synthesis of an alcohol functionalized NHC was first envisioned starting from the 

triisopropylsilyl (TIPS)-protected benzimidazole 2-23 (Scheme 2-14). First 4-amino-3-

nitrophenol was protected with TIPSCl to afford 2-22 in 91 % yield, then, following a 

literature procedure, 2-22 was converted to the benzimidazole 2-23 in 59 % yield, using 

iron powder and formic acid.61 Both the dialkylation with isopropyl iodide to give 2-24 

and the monoalkylation with isopropyl bromide to give 2-25 gave unwanted by-products 

as the OTIPS protect group was replaced with an isopropoxyl group either fully or 

partially in each attempt. This demonstrates that a more stable protected group needed 

to be utilized to obtain the desired monoalkylated benzimidazole 2-28. 

 Our group has already demonstrated that alkyoxy substituents are robust to the 

subsequent reaction conditions in NHC synthesis55 and therefore methoxy was utilized 

as an alternative protecting group to OTIPS. First, 4-methoxy-2-nitroaniline was reacted 

with iron and formic acid to create the benzimidazole 2-26 from literature procedures 
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refluxing in overnight to give 2-27. The methoxy group was deprotected using boron 

tribromide to afford the free alcohol, 2-28. With this compound in hand, coupling with the 

iridium catalyst, 2-21 was attempted to deposit the catalyst on Au(111).  

 

Scheme 2-14: Synthesis of supported catalyst via OTIPS protected benzimidazole for 
the formation of 2-28 and unwanted by-products observed during alkylation 

 

 

Scheme 2-15: Synthesis of supported catalyst via OMe–protected benzimidazole and 
its conversion to 2-28 

 

 

 The free alcohol, 2-28 was reacted directly with base and 2-21 to form an ether in 
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to addition of the catalyst to the reaction again using numerous bases. Even the use of 
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Table 2-2: Attempted construction of catalyst 2-29 via SN2 chemisty under a variety of 

conditions. 
a
under microwave 

 

2.3.2.1 Metallation Reactions 

 With a good route to Ir complex 2-21 in hand, I decided to see whether I would 

be able to use this in an alternative synthesis. Although the Wurtz coupling is not 

typically highly successful, aryl halide 2-31 was readily prepared from 4-bromo-2-

nitroaniline as described in Scheme 2-16.61 Reaction with magnesium to create the 

Grignard reagent in situ or reaction with BuLi to create the organolithium reaction was 

successful, but coupling with 2-21 did not result in the desired product.  

Entry Base Temperature Solvent Iodide Time
Product 

observed

1 Cs2CO3 80 °C MeCN Overnight decomposition

2 NaH RT to 50 °C to 80 °C MeCN Overnight SM

3 NaHMDS RT to 50 °C to 80 °C MeCN NBu4I Overnight SM

4 NaHMDS RT to 50 °C to 80 °C DMSO NBu4I Overnight decomposition

5 NaHMDS 80 °C MeCN NBu4I 2ha SM

6 NEt3 RT to 50 °C to 80 °C DMSO NBu4I Overnight decomposition

7 DBU RT to 50 °C to 80 °C MeCN NaI Overnight SM

8 DBU RT to 50 °C to 80 °C DMSO NaI Overnight decomposition

9 DABCO RT to 50 °C to 80 °C DMSO NaI Overnight decomposition
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Scheme 2-16: Attempted synthesis of supported catalyst via metallation reactions with 
brominated benzimidazole 2-31 

 

 

 

2.3.2.2 Azide Routes 

 Another possible use of 2-21 would be as a precursor to an azide, which could 

then be employed in click chemistry (Scheme 2-17). While the substitution reaction is 

possible with the catalyst 2-21, in order to limit loss of iridium, the reaction was done on 

the ligand 2-20 instead, which afforded the azide-functionalized triazolium salt 2-33. 
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reactivity was observed in this first attempt, however after the addition of water to the 

reaction mixture complete consumption of 2-33 was observed and the product 2-34 was 

isolated after aqueous work up with saturated ammonium chloride. Halide scrambling at 
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the catalyst center was inhibited by salt metathesis of 2-34 with sodium triflate in 

acetone overnight to afford 2-34•OTf. This was then reacted with Ag2O and ([IrCp*Cl2]2 

in dichloromethane to afford 2-35 successfully. The appearance of an AB splitting 

pattern between the methylene protons adjacent to the triazolylidene ligand and the 

disappearance of the triazolium proton confirmed the presence of the desired iridium-

carbene bond formation. The complex was isolated by silica column chromatography to 

give the desired complex 2-35 in quantitative yield.  

 
Scheme 2-17: Synthesis of supported catalyst via azide functionalized ligand and test 
click reactions 
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as the last step before surface deposition. The alkyne functionalized benzimidazolium 

salt 2-40 was therefore prepared via Scheme 2-18 to give the desired triflate salt. In the 

future other students in the group will utilize this alkyne, 2-40, and couple it with our 

azide functionalized catalyst, 2-41, via click chemistry to give 2-42, which will then be 

used as a supported water oxidation catalyst.  

 

Scheme 2-18: Synthesis of supported catalyst via click reaction between alkyne-
functionalized benzimidazolium salt, 2-40, and iridium complex, 2-41. 
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oxygen and therefore could potentially complicate the measurement of O2 production 

during the reaction. Also, although measurements with CAN are excellent for comparing 

to other water oxidation catalysts in the literature, it would not be realistic to use it as a 

sacrificial oxidant in industry due to both price and scale.  

 Inspired by the work of Lin and co-workers,64 I measured the decrease in UV-vis 

absorbance of Ce4+ as it is consumed to Ce3+ to test for water oxidation catalysis 

(Figure 2-4). The disappearance of the absorption at 420 nm indicates that Ce4+ is 

being consumed in the single electron transfers necessary for water oxidation catalysis. 

Ce4+ has a strong absorbance at this wavelength whereas Ce3+ does not. A solution of 

7.5 mM of CAN in 0.5 HNO3 was used in the reaction. An acidic medium was chosen as 

CAN is unstable in basic media.65 When the supported catalyst was submerged in the 

CAN solution, the UV-visible absorbance at 420 nm decreases as Ce4+ is converted to 

Ce3+. In the first four runs of this reaction, the cerium was consumed within ~1.5 hours 

of submersion, indicating that water oxidation is indeed occurring. Importantly, when the 

reaction is run with the alkylated NHC derivative 2-6@Au that does not contain Ir, no 

consumption of CAN is detected in the UV-visible spectroscopy. This control confirms 

that it is indeed our catalyst that is performing the water oxidation and not the NHC SAM 

on Au(111). However on the 5th cycle, a significant drop in activity is observed. This 

could be due to catalyst decomposition on the surface of the material, however 

structural details of the catalyst are difficult to elucidate due to the heterogeneous 

nature of the material. Eventually the production of O2 will need to be directly detected 

and quantified to determine the efficacy of the material in water oxidation catalysis.   
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Figure 2-4: Water oxidation test with 7.5 mM of CAN and 0.5 HNO3 of 2-9@Au and 2-
6@Au at 420 nm. The absorbance of CAN is tracked here. 

 

 

 As noted, although CAN is an excellent benchmark for water oxidation activity, it 

is not realistic to use chemical oxidants in real-world applications for water splitting. 

CAN also has limitations in reaction conditions due to its instability in basic media,65 

which is often used in electrochemical water oxidation in order to limit the voltage 

required to drive the reaction forward. The optimal method would be electrocatalytic 

activity, ultimately with solar-derived or other carbon-neutral energy. When using CAN 

as a sacrificial oxidant acidic pH is necessary to stabilize the CAN. However, when the 

single electron transfers are coming from an electrode a greater range of pHs can be 

tested for catalytic activity. Thus I also examined the supported catalyst 2-12@Au in 
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electrochemical experiments to test stability and optimal conditions. These studies were 

performed with fellow graduate student Wenxia (Vanessa) Zhou. Cyclic voltammograms 

were obtained in buffered systems with pHs from 1.5-11.6 (Figure 2-5) from 0 to 1.7 eV. 

It was found that pH 11.6 was optimal for our system with the lowest off-set potential.  

 

Figure 2-5: Electrocatalytic activity of 2-12@Au at pH 1.5-11.6 from 0.0 to 1.7 V vs 
Ag/AgCl with 0.1V/s scan rate. 

 

 

 With an optimal pH determined, the stability of the catalyst was investigated by 

CV between 0 and 1.7 V for 50 cycles. As water oxidation catalysts are required for fuel 

sources their durability is paramount to their use in industry. We observed that after 50 

cycles, the current drops off (Figure 2-6), which again implies potential stability issues. 

The magnitude of this change was not measured. As the surface structure of my 

catalyst is not well defined when synthesized on-support it is hard to determine what the 

active catalyst was in this process and how it degraded.  
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Figure 2-6: Electrochemical stability of 2-12@Au at pH 11.6 from 0.0 to 1.7 V  

 

 

 In order to gain insight into the nature of the supported catalyst before and after 

electrochemical testing, supported catalyst 2-15@Au was also tested electrocatalytically 

and XPS analysis was carried before and after either 2 or 20 CV cycles from 0.0 to 1.7 

V at pH 11.6. In order to compare areas accurately in the XPS spectra, one chip was 

used for the 20th cycle measurements and one for the 2nd cycle measurements both 

before and after cycling (Figure 2-7, the XPS characterization of the starting films can 

be found in Section 2.6.6). After 20 cycles, the Ir peak was completely gone from the 

spectra and after only 2 cycles, only 12% of the original Ir peak remained. This shows 

that indeed the iridium species is being removed from the surface after an electric 

potential of 1.7 V is applied to the material. In both the 2 and 20 experiments, an N 1s 

peak still remains in the Ir XPS spectra after cycling (Figure 2-7). As structural detail is 

not available by XPS, I am not able to determine the specific decomposition that is 

occurring, only that the iridium species is removed. The iridium could be removed from 

our surface ligand altogether and form nanoparticles or the ether linkage could be 
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synthesized materials (2-42@Au) are still awaiting synthesis and once made, will be 

tested for water oxidation catalysis both with CAN and electrochemistry.   

 

Figure 2-7: Ir 4f peak in the XPS spectra before and after 2 or 20 cycles from 0.0 to 1.7 
V at pH 11.6 of 2-15@Au. 

 

 

2.5 Conclusions 

 Two different approaches were taken for the synthesis of materials with a 
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had increases ease of synthesis as the only work up required was washing the chips 

with solvent. However, one drawback with this is that characterization after each step 

was limited to primarily XPS analysis. The other approach to creating these materials 

was to create the catalyst off surface and then deposit it along with the NHC surface 

ligand together. This approach had greater synthetic challenges such as purification; 

however in-depth characterization of the monomer was possible now with NMR 

spectroscopy and mass spectrometry. Ultimately both of these materials were tested for 

their effectiveness in water oxidation catalysis either with a sacrificial oxidant (CAN) or 

by cyclic voltammetry to facilitate the one-electron transfers necessary for the reaction. 

Although the synthesis was much more involved in the off-surface approach, it is 

preferred for these materials as greater knowledge of the active catalyst is possible. The 

2-9@Au material made via Scheme 2-8 displayed activity for water oxidation in the 

presence of CAN; however activity dropped off after 5 cycles of CAN-assisted catalysis. 

The 2-12@Au material showed activity when tested CV for stability between 0 and 1.7 

V, specifically at pH 11.6, however when the material was cycled 50 times at these 

voltages, current was found to gradually drop. In both cases the catalyst was 

synthesized on-support, where absolute configuration of the metal complex is unable to 

be determined. The activity for water oxidation catalysis of the materials wherein the 

catalyst is synthesized off-support is still ongoing. 

2.6 Experimental 

2.6.1 Methods 

 Pentamethylcyclopentadienyl iridium(III) dichloride dimer was prepared by a 

literature procedure66 from iridium(III) chloride generously provided by Johnson-

Matthey. Solvents were used without purification except where stated. Anhydrous 

DMSO was purchased from EMT Chemicals Inc. in a DriSolv® container. Anhydrous 

pyridine and isopropanol were purchased from Sigma Aldrich and used as received. 

Triethylamine and DCM were distilled over CaH2 before use. THF and pentane were 

distilled from sodium metal/benzophenone ketyl before use. All other chemicals were 

purchased from Sigma Aldrich, Oakwood Chemicals or Acros Organics and used as 

received unless otherwise indicated. Reactions requiring an inert atmosphere were 

carried out in a nitrogen-filled glovebox (M. Braun) with oxygen and water levels ≤2 
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ppm. All electrochemical measurements were performed with three-electrode 

configuration electrochemical cell, which was in an enclosed Faraday cage. A reference 

electrode (Ag/AgCl/3.0 M KCl), a platinum counter electrode and a salt bridge were 

used for all the experiments. The salt bridge was filled with agar solution, prepared by 

dissolving 2 grams of agar and 10.1 g KNO3 in 100 mL of water.  

2.6.2 Instrumentation 
1H and 13C NMR spectra were recorded on Bruker Avance-300.13, 400.13, 500.28, 

600.16, or 700.40 MHz spectrometers. Chemical shifts are reported in delta (δ) units, 

expressed in parts per million (ppm) downfield from tetramethylsilane, using residual 

protonated solvent as an internal standard (1H NMR CDCl3: 7.26, CD3OD: 3.31 ppm, 

DMSO-d6: 2.50, CD3CN: 1.94 ppm; 13C NMR CDCl3: 77.16, CD3OD: 49.00, DMSO-d6: 

39.52, CD3CN: 118.26 ppm). All 2D spectra (gs-COSY, gs-HSQC, gs- HMBC) were 

acquired in the phase-sensitive mode. All data were acquired, processed, and displayed 

using BrukerXWinNMR and MestReNova software and a standard pulse-sequence 

library. All measurements were carried out at 298 K. High-resolution mass spectra 

(HRMS) were acquired on either a Micromass GCT GC-EI Time-of-Flight mass 

spectrometer using EI fragmentation or a Micromass ZQ Single Quad mass 

spectrometer using ESI fragnmentation at the Mass Spectroscopy and Proteomics Unit 

at Queen’s University, Kingston, Ontario. Elemental analyses were performed using 

Flash 2000 CHNS-O analyzer or Carlo Erba EA 1108 CHNOS Elemental Analyzer. A 

plasma cleaner (Harrick Plasma Cleaner/Sterilizer PDC-32G, Ossining, NY) was used 

to clean gold chips. XPS measurements were performed either using a Thermo 

Microlab 310F ultrahigh vacuum (UHV) surface analysis instrument using Al Kα X-rays 

(1486.6 eV) or Mg Kα (1253.4 eV) at 15 kV anode potential and 20 mA emission current 

with a surface/detector take off angle of 75° or using a Kratos Analytical AXIS Nova 

XPS instrument using Al Kα X-rays (1486.6 eV) at 15 kV anode potential and 10 mA 

emission current with a 180° hemispherical analyser and automatic charge 

neutralisation. The binding energies of all spectra were calibrated to the Au 4f line at 

84.0 eV. A Shirley algorithm was used as the background subtraction method for all 

peaks. The Powell peak-fitting algorithm was used, with peak areas normalized 

between different elements using the relative XPS sensitivity factors of Scofield.67 In 
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cases where absolute peak intensities for a single element were compared between 

different samples, care was taken to ensure a standard sample size and orientation with 

respect to the X-ray source and detector within the analysis chamber. All 

electrochemical measurements were performed with either a CHI-660b potentiostat (CH 

Instruments, Austin, TX), CHI-6055e potentiostat (CH Instruments, Austin, TX), or a 

Metrohm Autolab PGSTAT204 potentiostat. All UV-visible spectroscopy was measured 

on a refurbished SpectraMax M2 spectrometer. All microwave reactions were performed 

in a CEM Discover microwave.  

2.6.3 Synthetic Methods 

2-(1-Phenyl-1H-1,2,3-triazol-5-yl)pyridine, 2-17, was prepared according to a literature 

by Albrecht et al.38 5-((Triisopropylsilyl)oxy)-1H-benzo[d]imidazole, 2-23, 5-methoxy-1H-

benzo[d]imidazole, 2-26, and 5-iodo-1H-benzo[d]imidazole, 2-37, were prepared 

according to a literature procedure by Lyssikatos et al.61 

2-1: 4-((6-bromohexyl)oxy)-2-nitroaniline 

2-1, 4-((6-Bromohexyl)oxy)-2-nitroaniline, was 

prepared as follows. 4-Amino-3-nitrophenol (1.541 g, 

(10 mmol) and 1 eq. of K2CO3 (1.382g, 10 mmol) was 

placed in a dry round bottom flask under Ar(g). Then 

30 mL of MeCN (dry) was added to the flask and the 

mixture was stirred until all of the 4-amino-3-nitrophenol was dissolved. After this, 3 eq 

of 1,6-dibromohexane (4.6 mL, 30 mmol) was added and the temperature was raised to 

80 ° C and the reaction mixture left stirring overnight. The reaction mixture was then 

cooled to RT and the solvent was removed in vacuo. The residue was purified by silica 

chromatography first with straight hexanes and after 100 mL of solvent, the eluent was 

changed to 7:3 hexane to ethyl acetate. The solvent was removed in vacuo to afford the 

product as a bright red solid, 2-1, 2.410 g, (76 % yield). 

1H NMR (400.13.13 MHz, CDCl3) δ: 7.53 (d, J = 2.9 Hz, 1H), 7.06 (dd, J = 9.0, 2.9 Hz, 

1H), 6.75 (d, J = 9.0 Hz, 1H), 5.87 (br, s, 2H), 3.93 (t, J = 6.4 Hz, 2H), 3.42 (t, J = 6.8 

Hz, 2H), 1.90 (m, 2H), 1.78 (m, 2H), 1.50 (m, 4H). 

NO2H2N

O

Br
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13C{1H} NMR (600.16 MHz, CDCl3) δ: 150.2, 139.8, 131.6, 127.0, 120.0, 107.2, 68.5, 

33.7, 32.7, 28.9, 27.9, 25.3. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C12H18O3N2Br, 317.0495; found 317.0499. 

2-2: 5-((6-bromohexyl)oxy)-1H-benzo[d]imidazole 

2-2, 5-((6-Bromohexyl)oxy)-1H-benzo[d]imidazole, was 

prepared as follows. Iron powder (2.7925 g, 10 eq., 50 

mmol), 2-1 (1.586 g, 5 mmol), and 2.674 g (10 eq., 50 

mmol) of ammonium chloride in a round bottomed flask. 

Then 40 mL of isopropanol was added to the flask until 

2-2 dissolved and 19 mL of formic acid (100 eq, 500 mmol) was slowly added. The 

temperature of the mixture was raised to 90 °C and the reaction mixture was left stirring 

under Ar(g) for three hours. The mixture was cooled to RT and then the iron powder 

was removed by filtration and washed with 3 x 15 mL of isopropanol. All of the filtrate 

was collected and reduced under vacuum. The residue was mixed with NaHCO3 until all 

of the remaining formic acid was quenched. The resulting mixture was then partitioned 

with DCM and the organic layer was collected. The aqueous layer was subsequently 

washed three times with DCM. The organic layer was then dried over MgSO4, filtered, 

and reduced under vacuum to give a deep orange solid, 2-2, 10.253 g, (69 % yield).  

1H NMR (300.13 MHz, CDCl3) δ: 7.98 (s, 1H), 7.52 (d, J = 8.7 Hz, 1H), 7.07 (d, J = 2.4 

Hz, 1H), 6.83 (dd, J = 9.1, 1.9 Hz, 1H), 3.98 (t, J = 6.4 Hz, 2H), 3.43 (t, J = 6.7 Hz, 2H), 

1.90 (m, 2H), 1.82 (m, 2H), 1.52 (m, 4H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 156.3, 140.6, 137.3, 132.5, 116.3, 113.5, 98.3, 

68.4, 33.7, 32.6, 29.0, 27.8, 25.2. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C13H18ON2Br, 297.0597; found 297.0604. 

2-3: 5-((6-azidohexyl)oxy)-1H-benzo[d]imidazole 

2-3, 5-((6-Azidohexyl)oxy)-1H-benzo[d]imidazole, was 

prepared as follows. First 0.7429 g of 2-2 (2.5 mmol) 

was placed in a dry round bottom flask with 0.1788 g of 

NaN3 (1.1 eq., 2.75 mmol) and 25 mL of dry DMSO. 
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The resulting mixture was stirred at RT for 4 hours as the reaction was followed by TLC. 

Once all of the starting material was consumed, 50 mL of a saturated solution of 

NaHCO3 was added to the mixture. The mixture was then filtered and the filtrate was 

removed. The solid was then washed with 3 x 25 mL of DCM and the filtrate was 

collected and washed with water and brine. The organic layer was dried with sodium 

sulfate and the solvent was removed in vacuo to afford the deep orange solid 2-3, 

0.4332 g, (67 % yield).  

1H NMR (600.16 MHz, CDCl3) δ: 7.98 (s, 1H), 7.53 (d, J = 8.8 Hz, 1H), 7.06 (d, J = 2.4 

Hz, 1H), 6.92 (dd, J = 8.8, 2.4 Hz, 1H), 3.96 (t, J = 6.4 Hz, 2H), 3.27 (t, J = 6.9 Hz, 2H), 

1.80 (m, 2H), 1.62 (m, 2H), 1.51 (m, 2H), 1.45 (m, 2H), 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 156.3, 132.3, 132.1, 128.7, 116.2, 113.7, 98.1, 

68.4, 51.4, 29.2, 28.8, 26.5, 25.7. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C13H18ON5, 260.1506; found 260.1519. 

2-4: 5-((6-azidohexyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium iodide 

2-4, 5-((6-Azidohexyl)oxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium iodide, was prepared as 

follows. First 0.1423 g of 2-3 (0.55 mmol) and 

0.1955 g of Cs2CO3 (1.1 eq., 0.6 mmol) were placed 

in a dry pressure tube under Ar(g). Then 10 mL of 

MeCN was added followed by 0.16 mL of isopropyl 

iodide (3 eq., 1.65 mmol) added dropwise. The tube was then sealed with a Teflon cap 

and the temperature was increased to 90 °C for 48 hours. Following this, the mixture 

was filtered and the solid was washed with DCM. The filtrate was collected and reduced 

under vacuum. The product was crystalized from a mixture of ethyl acetate and hexane 

to give a sticky solid, 2-4, 1.946 g, (75 % yield). 

1H NMR (600.16 MHz, CDCl3) δ: 10.55 (s, 1H), 7.67 (d, J = 9.1 Hz, 1H), 7.20 (dd, J = 

9.2, 2.4 Hz, 1H), 7.17 (d, J = 2.3 Hz, 1H), 5.15 (m, 2H), 4.08 (t, J = 6.2 Hz, 2H), 3.27 (t, 

J = 6.6 Hz, 2H), 1.82 (m, 14H, (4 x CH3 + CH2), 1.62 (apparent quin, J = 6.9 Hz, 2H), 

1.52 (apparent quin, J = 7.4 Hz, 2H), 1.45 (m, 2H). 
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13C{1H} NMR (600.16 MHz, CD3OD) δ: 158.8, 138.4, 132.1, 124.8, 117.5, 114.6, 96.9, 

69.2, 52.4, 52.0, 51.4, 28.9, 28.8, 26.5, 25.6, 22.4, 22.3. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H30ON5, 344.2445; found 344.2459. 

2-4•HCO3: 5-((6-azidohexyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium 

bicarbonate 

2-4•HCO3, 5-((6-Azidohexyl)oxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium bicarbonate, was prepared 

as follows. First 2-4 (0.1500 g, 0.32 mmol) was 

dissolved in methanol (3 mL) and HCO3 activated 

ion exchange resin (3 eq., 1.2 mL) was added. This 

mixture was left to stir for 1 hour. After this time, the 

resin was filtered off and the filtrate was reduced under vacuum. This was then titrated 

with ether to give a sticky residue. This was then washed with more hexanes and 

sonicated to give the solid, 2-4•HCO3, 0.0406 g, (31 % yield). 

1H NMR (600.16 MHz, CD3OD) δ: 7.92 (d, J = 9.2 Hz, 1H), 7.47 (d, J = 2.3 Hz, 1H), 

7.33 (dd, J = 9.2, 2.3 Hz, 1H), 5.03 (m, 2H), 4.17 (t, J = 6.3 Hz, 2H), 3.34 (t, J = 6.7, 

2H), 1.90 (apparent quin, J = 6.6 Hz, 2H), 1.74 (d, J = 3.1, 6H), 1.73 (d, J = 3.1, 6H), 

1.67 (apparent quin, J = 7.0 Hz, 2H), 1.60 (apparent quin, J = 6.9 Hz, 2H), 1.52 (m, 2H). 

Due to their rapid exchange with the deuterated solvent, the HCO3 and N2CH protons 

were not observed in the NMR. 

13C{1H} NMR (600.16 MHz, CD3OD) δ: 160.0, 159.0, 132.4, 125.2, 117.4, 114.3, 96.1, 

68.7, 51.4, 51.0, 50.9, 28.7, 28.5, 26.2, 25.3, 20.8, 20.7.  

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H30ON5, 344.2445; found 344.2431. 
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2-5: 1,3-diisopropyl-5-((6-(4-phenyl-1H-1,2,3-triazol-1-yl)hexyl)oxy)-1H-
benzo[d]imidazol-3-ium iodide 

2-5, 1,3-Diisopropyl-5-((6-(4-phenyl-1H-

1,2,3-triazol-1-yl)hexyl)oxy)-1H-

benzo[d]imidazol-3-ium iodide, was 

prepared as follows. First 0.1886 g of 2-4 

(0.4 mmol) was mixed with 0.06 mL of 

phenylacetylene (1.4 eq., 0.56 mmol) in 

THF (12 mL). In a separate vial, 12.8 mg of CuSO4 (20 mol %, 0.08 mmol) and 0.158 g 

of sodium ascorbate (2 eq., 0.8 mmol) was dissolved in 12 mL of deionized H2O. This 

aqueous solution was added to the THF solution dropwise and allowed to stir for 3 

hours at RT. The THF was then removed in vacuo and DCM (12 mL) and saturated 

NH4Cl(aq) (12 mL) were added and allowed to stir for 1 hour. The layers were separated 

and the organic layer was then washed with deionized H2O (3 x 12 mL) then saturated 

brine solution (12 mL). Na2SO4 was added to dry the organic layer and the solvent was 

removed. The resulting residue was then washed with hexanes (2 x 12 mL) and diethyl 

ether (2 x 12 mL) and dried overnight under vacuum to give 2-5, 0.0696 g, (30 % yield). 

1H NMR (600.16 MHz, CD3OD) δ: 10.94 (s, 1H), 7.84 (d, J = 6.1 Hz, 2H), 7.80 (s, 1H), 

7.60 (d, J = 9.3, Hz, 1H), 7.44 (t, J = 7.4 Hz, 2H), 7.36 (d, J = 6.8 Hz, 1H), 7.19 (dd, J = 

2.2, 9.0 Hz, 1H), 7.10 (d, J = 2.3, 1H), 5.10 (m, 2H), 4.47 (t, J = 6.8 Hz, 2H), 4.06 (t, J = 

6.1 Hz, 2H), 2.02 (m, 2H), 1.84 (d, J = 7.4 Hz, 12H), 1.74 (m, 2H), 1.59 (m, 2H), 1.51 

(m, 2H). 

13C{1H} NMR (600.16 MHz, CD3OD) δ: 158.7, 149.6, 147.6, 144.3, 133.1, 130.6, 128.9, 

127.4, 125.7, 119.6, 114.5, 114.4, 96.7, 65.9, 52.0, 30.4, 25.4, 22.3, 15.3, 15.3. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C27H36ON5, 446.2914; found 446.2903. 
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2-5•HCO3: 1,3-diisopropyl-5-((6-(4-phenyl-1H-1,2,3-triazol-1-yl)hexyl)oxy)-1H-
benzo[d]imidazol-3-ium bicarbonate 

2-5•HCO3, 1,3-Diisopropyl-5-((6-(4-phenyl-

1H-1,2,3-triazol-1-yl)hexyl)oxy)-1H-

benzo[d]imidazol-3-ium bicarbonate, was 

prepared as follows. First 2-5 (0.1801 g, 

0.35 mmol) was dissolved in HPLC-grade 

MeOH (3 mL). Then 1.33 mL of HCO3-

activated ion exchange resin was added (3 eq., 1.06 mmol). The reaction was stirred for 

30 minutes at RT then the exchange resin was filtered off and the solvent was removed. 

The resulting residue was washed with hexanes and ether to afford 2-5•HCO3, 0.0746g, 

(42 % yield). 

1H NMR (600.16 MHz, CD3OD) δ: 8.33 (s, 1H) 7.83 (d, J = 9.2, 1H), 7.79 (d, J = 8.2 Hz, 

2H), 7.41 (m, 3H), 7.33 (t, J = 7.4 Hz, 1H), 7.26 (dd, J = 9.1, 2.3 Hz, 1H), 4.95 (m, 2H), 

4.48 (t, J = 7.0 Hz, 2H), 4.41 (t, J = 6.2 Hz, 2H), 2.02 (m, 2H), 1.87 (m, 2H), 1.70 (m, 

12H), 1.60 (m, 2H), 1.46 (m, 2H). 

13C{1H} NMR (600.16 MHz, CD3OD) δ: 160.0, 158.9, 147.4, 132.4, 130.4, 128.6, 127.9, 

125.2, 125.1, 120.9, 117.3, 114.2, 96.1, 68.6, 51.4, 50.9, 50.0, 29.7, 28.5, 25.8, 25.2, 

20.8, 20.8.  

Due to their rapid exchange with the deuterated solvent, the HCO3 and N2CH protons 

were not observed in the NMR. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C27H36ON5, 446.2914; found 446.2914. 

2-6a: 4-(hexyloxy)-2-nitroaniline 

2-6a, 4-(Hexyloxy)-2-nitroaniline, was prepared as follows. 

First 2.000 g of 4-amino-3-nitrophenol (13 mmol) and 1.2 

eq. of K2CO3 (2.156 g, 15.6 mmol) were placed in a dry 

round bottom flask under Ar(g). Then 100 mL of MeCN and 

2 eq. of 1-bromohexane (3 mL, 26 mmol) were added and 

the mixture was raised to 80 °C and left stirring overnight. The reaction was then cooled 

to RT and the solvent was removed in vacuo. The residue was purified by kugelrohr at 
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90 °C, dissolved in DCM and filtered. The solvent was then removed in vacuo and the 

product, a thick dark purple liquid was obtained 2-6a, 2.221 g, (72 % yield). 

1H NMR (600.16 MHz, CD3OD) δ: 7.54 (d, J = 2.9 Hz, 1H), 7.06 (dd, J = 9.1, 2.9 Hz, 

1H), 6.74 (dd, J = 9.1, 1.3 Hz, 1H), 5.85 (br s, 2H), 3.92 (t, J = 6.6 Hz, 2H), 1.76 

(apparent quin, J = 6.9 Hz, 2H), 1.45 (apparent quin, J = 7.1 Hz, 2H), 1.33 (m, 4H), 0.90 

(t, J = 6.5, 3H). 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 150.3, 139.7, 132.9, 127.1, 120.0, 107.2, 68.8, 

31.6, 29.1, 25.7, 22.6, 14.0. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C12H19O3N2, 239.1390; found 239.1400. 

2-6b: 5-(hexyloxy)-1H-benzo[d]imidazole 

2-6b, 5-(Hexyloxy)-1H-benzo[d]imidazole, was prepared as 

follows. First 2.221 g (9.3 mmol) of 2-6a, 5.206 g (10 eq., 93 

mmol) of iron powder, and 4.986 g (10 eq., 93 mmol) of 

ammonium chloride were placed in a round bottom flask. 

Then 100 mL of isopropanol was added to the flask until 2-

6a dissolved and 50 mL of formic acid (150 eq., 1400 mmol) was slowly added. The 

mixture was raised to 90 °C and left stirring under Ar(g) for three hours. The mixture 

was cooled to RT and then the iron powder was removed by filtration and washed with 3 

x 30 mL of isopropanol. All of the filtrate was collected and reduced under vacuum. The 

residue was purified by mixed with NaHCO3 until all of the remaining formic acid was 

reacted. This was then partitioned with DCM and the organic layer was collected. The 

aqueous layer was subsequently washed three more times with DCM. The organic layer 

was then dried over MgSO4, filtered, and reduced under vacuum to give a deep orange 

solid, 2-6b, 1.2430 g, (61 % yield). 

1H NMR (600.16 MHz, CDCl3) δ: 7.96 (s, 1H), 7.53 (m, 1H), 7.06 (m, 1H), 6.93 (d, J = 

8.6 Hz, 1H), 3.98 (t, J = 6.6 Hz, 2H), 1.80 (apparent quin, J = 7.0 Hz, 2H), 1.47 (m, 2H), 

1.34 (m, 4H), 0.91 (t, J = 6.2 Hz, 3H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 156.2, 140.5, 137.7, 133.1, 116.5, 113.2, 98.5, 

68.8, 31.6, 29.3, 25.8, 22.6, 14.0. 
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TOF HRMS (ESI+) m/z: [M]+ calc’d for C13H19ON2, 219.1492; found 219.1410. 

2-6: 5-(hexyloxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium iodide 

2-6, 5-(Hexyloxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-

ium iodide, was prepared as follows. First 0.2500 g of 2-

6b (1.15 mmol) and 0.4478 g of Cs2CO3 (1.2 eq., 1.37 

mmol) were placed in a dry pressure tube under Ar(g). 

Then 10 mL of MeCN was added followed by 0.35 mL of 

isopropyl iodide (3 eq., 3.5 mmol) added dropwise. The 

tube was then sealed with a Teflon lid and the temperature was raised to 90 °C and left 

stirring for 48 h. Following this the mixture was filtered and the solid was washed with 

DCM. The filtrate was collected and reduced under vacuum. The product was 

crystalized with a mixture of ethyl acetate and hexane to give a crude sticky solid, 2-6, 

0.4119 g, (83 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 10.91 (s, 1H), 7.64 (d, J = 9.2 Hz, 1H), 7.24 (dd, J = 

9.1, 2.2 Hz, 1H), 7.09 (d, J = 2.2 Hz, 1H), 5.19 (hept, J = 6.8 Hz, 1H), 5.10 (hept, J = 6.8 

Hz, 1H), 4.08 (t, J = 6.5 Hz, 2H), 1.89 (d, J = 6.9 Hz, 6H), 1.87 (d, J = 6.7 Hz, 6H), 1.53 

(m, 4H), 1.39 (m, 4H), 0.95 (t, J = 6.8 Hz, 3H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 158.8, 138.7, 132.1, 124.8, 117.3, 114.5, 96.7, 

69.4, 52.5, 52.0, 31.5, 29.0, 25.7, 22.6, 22.3, 22.3, 14.0. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H31ON2, 303.2431; found 303.2432. 

2-6•HCO3: 5-(hexyloxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium bicarbonate 

2-6•HCO3, 5-(Hexyloxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium bicarbonate, was prepared as 

follows. First 2-6 (0.1000 g, 0.23 mmol) was dissolved in 

3 mL of methanol. This was then mixed with HCO3 

activated ion exchange resin (3 eq., 0.87 mL) and 

allowed to stir for 30 minutes. After this the resin was 

filtered away and the filtrate was reduced under vacuum. This was then titrated with 

ether to give a sticky residue. This was then washed with more hexanes with sonication 

to give the solid, 2-6•HCO3, 0.0399 g, (48 % yield). 
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1H NMR (700.40 MHz, CDCl3) δ: 7.61 (d, J = 9.1 Hz, 1H), 7.17 (dd, J = 9.2, 2.2 Hz, 1H), 

7.07 (d, J = 2.2 Hz, 1H), 5.09 (hept, J = 6.9 Hz, 1H), 5.01 (hept, J = 6.9 Hz, 1H), 4.05 (t, 

J = 6.5 Hz, 2H), 1.85 (m, 2H), 1.78 (m, 12H), 1.50 (m, 2H), 1.37 (m, 4H), 0.92 (t, J = 6.5 

Hz, 3H). 

Due to their rapid exchange with the deuterated solvent, the HCO3 and N2CH protons 

were not observed in the NMR. 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 160.4, 158.3, 132.1, 125.0, 116.5, 114.4, 113.0, 

96.9, 69.2, 52.3, 51.8, 31.5, 29.0, 25.6, 22.5, 21.9, 21.8, 14.0. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H31ON2, 303.2431; found 303.2431. 

2-10: 1,3-diisopropyl-5-((6-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)hexyl)oxy)-1H-
benzo[d]imidazol-3-ium iodide 

2-10, 1,3-Diisopropyl-5-((6-(4-(pyridin-2-

yl)-1H-1,2,3-triazol-1-yl)hexyl)oxy)-1H-

benzo[d]imidazol-3-ium iodide was 

prepared as follows. First Ar(g) was 

bubbled through 50 mL of dry THF in a 

schlenck flask for 10 minutes. Then 

0.05 mL of N,N,NI,NII,NII-

pentamethyldiethylenetriamine (20 mol %, 0.22 mmol) was added and Ar(g) was 

bubbled through the solution for 10 additional minutes. Then 15.2 mg of CuBr (10 mol 

%, 0.11 mmol), 0.500 g of 2-4 (1.06 mmol), and 0.164 g of 2-ethynylpyridine (1.5 eq., 

1.6 mmol) were added to the solution and the temperature was raised to 60 °C and was 

stirred overnight. The solvent was then removed by vacuum and the solid was purified 

by chromatography on silica gel with a gradient DCM and methanol eluent to afford a 

sticky brown solid, 2-10, 0.3374 g, (55% yield). 

1H NMR (600.16 MHz, CD3OD) δ: 10.75 (s, 1H), 8.57 (s, 1H), 8.15 (m, 2H), 7.79 (d, J = 

7.8 Hz, 1H), 7.59 (d, J = 9.2 Hz, 1H), 7.23 (m, 1H), 7.18 (dd, J = 2.1, 9.1 Hz, 1H), 7.09 

(m, 1H), 5.13 (m, 1H), 5.06 (m, 1H), 4.45 (m, 2H), 4.03 (t, J = 6.3 Hz, 2H), 2.01 (m, 2H), 

1.83 (m, 12H), 1.61 (m, 2H), 1.56 (m, 2H), 1.45 (m, 2H). 
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13C{1H} NMR (700.40 MHz, CDCl3) δ: 158.9, 158.9, 139.3, 132.4, 132.4, 125.1, 125.1, 

117.6, 117.5, 114.8, 114.7, 109.4, 106.1, 97.0, 69.3, 59.5, 52.7, 52.3, 27.0, 25.7, 24.6, 

22.6, 22.5, 20.1. One aliphatic carbon is overlapping with another in the spectra. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C26H35ON6, 447.2867; found 447.2847. 

2-10•HCO3: 1,3-diisopropyl-5-((6-4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)hexyl)oxy)-
1H-benzo[d]imidazol-3-ium bicarbonate 

2-10•HCO3, 1,3-Diisopropyl-5-((6-(4-

(pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)hexyl)oxy)-1H-benzo[d]imidazol-3-

ium bicarbonate, was prepared as 

follows. First 2-10 (0.1000 g, 0.17 

mmol) was dissolved in HPLC-grade 

MeOH (3 mL) in a vial. Then 0.65 mL of 

HCO3-activated ion exchange resin was added (3 eq., 0.52 mmol). The reaction was 

stirred for 30 minutes at RT then the exchange resin was filtered off and the solvent was 

removed. The resulting residue was washed with hexanes and ether to afford 2-

10•HCO3, 0.0817 g, (94 % yield). 

1H NMR (400.13 MHz, CDCl3) δ: 8.59 (m, 1H), 8.19 (m, 1H), 8.16 (s, 1H), 7.80 (m, 1H), 

7.59 (d, J = 9.2 Hz, 1H), 7.26 (m, 1H), 7.16 (dd, J = 9.2, 2.2 Hz, 1H), 7.06 (d, J = 2.3 Hz, 

1H), 5.06 (m, 2H), 4.48 (t, J = 6.9 Hz, 2H), 4.04 (t, J = 6.2 Hz, 2H), 2.04 (m, 2H), 1.87 

(m, 2H), 1.79 (m, 12H), 1.58 (m, 2H), 1.49 (m, 2H). 

Due to their rapid exchange with the deuterated solvent, the HCO3 and N2CH protons 

were not observed in the NMR. 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 158.2, 150.3, 149.3, 148.3, 137.0, 132.1, 125.0, 

122.9, 122.0, 120.2, 116.6, 114.4, 109.0, 96.9, 68.8, 52.3, 50.3, 30.1, 28.7, 26.1, 25.4, 

21.9. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C26H35ON6, 447.2867; found 447.2885. 
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2-16: 1,3-diisopropyl-5-((6-(3-methyl-4-(1-methylpyridin-1-ium-2-yl)-1H-1,2,3-
triazol-3-ium-1-yl)hexyl)oxy)-1H-benzo[d]imidazol-3-ium salt 

2-16, 1,3-Diisopropyl-5-((6-(3-methyl-4-

(1-methylpyridin-1-ium-2-yl)-1H-1,2,3-

triazol-3-ium-1-yl)hexyl)oxy)-1H-

benzo[d]imidazol-3-ium salt, was 

prepared as follows. First 2-10 (0.1000 

g, 0.17 mmol) was dissolved in dry 

DCM in a glovebox under nitrogen 

atmosphere. Then Me3OBF4 (3 eq., 0.0775 g, 0.52 mmol) was added and the mixture 

was stirred at RT for 24 h. To quench the excess Me3OBF4, the mixture was removed 

from the glovebox and methanol was added. This mixture was filtered through Celite 

and the solvent was removed. The resulting salt was titrated with ether and then DCM 

to afford a brown solid, 2-16, 0.0834 g, (63 % yield).  

1H NMR (400.13 MHz, CD3OD) δ: 9.38 (s, 1H), 9.30 (d, J = 6.2 Hz, 1H), 9.19 (s, 1H), 

8.83 (t, J = 8.0 Hz, 1H), 8.46 (d, J = 7.9 Hz, 1H), 8.38 (t, J = 7.1 Hz, 1H), 7.87 (d, J = 9.1 

Hz, 1H), 7.45 (d, J = 2.3 Hz, 1H), 7.29 (dd, J = 9.2, 2.2 Hz, 1H), 5.01 (m, 2H), 4.81 (t, J 

= 7.3 Hz, 2H), 4.36 (s, 3H), 4.33 (s, 3H), 4.16 (t, J = 6.4 Hz, 2H), 2.19 (apparent quin, J 

= 7.5 Hz, 2H), 1.92 (apparent quin, J = 6.7 Hz, 2H), 1.70 (m, 12H), 1.66 (m, 2H), 1.62 

(m, 2H). 

13C{1H} NMR (700.40 MHz, CD3OD) δ: 160.1, 151.0, 147.7, 139.2, 137.6, 134.0, 133.4, 

131.8, 130.0, 126.8, 126.4, 125.6, 118.7, 115.5, 69.8, 55.9, 52.7, 41.3, 39.8, 29.9, 29.6, 

26.6, 26.2, 21.9. 

19F NMR (500.28 MHz, CDCl3) δ: -152.04 

TOF HRMS (ESI+) m/z: [M]3+ calc’d for (C28H41ON6)/3, 159.11; found 159.11. 
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2-20: 3-(6-bromohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium bromide 

2-20, 3-(6-Bromohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-

1,2,3-triazol-3-ium bromide was prepared as follows. 

First 2-17 (0.5000 g; 2.25 mmol), 1,6-

dibromohexane (1.04 mL, 3 eq., 6.75 mmol), and 

sodium iodide (0.337, 1 eq., 2.25 mmol) were 

dissolved in 5 mL of MeCN in a microwave vial and the mixture was heated in a 

microwave at 80 °C for 2 h. After cooling to RT, the solvent was concentrated under 

reduced pressure and the product was purified by silica chromatography silica (gradient 

DCM and methanol eluent) to give a sticky brown solid, 2-20, 0.4280 g, (41 % yield). 

1H NMR (300.13 MHz, CDCl3) δ: 10.77 (s, 1H), 8.43 (d, J = 4.1 Hz, 1H), 8.21 (d, J = 7.9 

Hz, 1H), 7.88 (td, J = 7.8, 1.8 Hz, 1H), 7.71 – 7.58 (m, 1H), 7.59 – 7.52 (m, 2H), 7.49 

(dd, J = 8.6, 1.5 Hz, 2H), 7.38 (ddd, J = 7.8, 4.8, 1.1 Hz, 1H), 5.04 (t, J = 7.4 Hz, 2H), 

3.42 (t, J = 6.6 Hz, 2H), 2.27 (apparent quin, J = 7.3 Hz, 2H), 1.89 (apparent quin, J = 

6.6 Hz, 2H), 1.56 (m, 4H). 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 150.0, 142.1, 141.4, 138.0, 134.8, 131.9, 131.5, 

129.7, 126.2, 125.9, 125.8, 55.0, 33.7, 32.9, 29.7, 27.4, 25.4. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H22N4Br , 385.1022; found 385.1007. 

2-20•OTf: 3-(6-bromohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium 

trifluoromethanesulfonate 

2-20•OTf, 3-(6-Azidohexyl)-1-phenyl-5-(pyridin-2-yl)-

1H-1,2,3-triazol-3-ium trifluoromethanesulfonate, 

was prepared as follows. First 2-20 (0.0555 g, 0.13 

mmol) was dissolved in acetone and adding 0.223 g 

of sodium trifluoromethanesulfonate (10 eq., 1.3 

mmol) to the solution. The reaction was allowed to 

stir for 24 h at RT. When the reaction was complete as determined by NMR, the solution 

was filtered through a pad of Celite. The solvent was then removed and the solid 

redissolved in DCM and filtered through an additional pad of Celite. The organic solvent 
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was then removed in vacuo to afford a brown sticky solid, 2-20•OTf, 0.0615 g, (96 % 

yield). 

1H NMR (700.40 MHz, CDCl3) δ: 9.51 (s, 1H), 8.50 (d, J = 4.8 Hz, 1H), 7.99 (d, J = 7.9 

Hz, 1H), 7.88 (td, J = 7.8, 1.7 Hz, 1H), 7.67 (t, J = 7.4 Hz, 1H), 7.58 (t, J = 7.8 Hz, 2H), 

7.54 (d, J = 8.0 Hz, 2H), 7.41 (dd, J = 7.7, 4.8 Hz, 1H), 4.90 (t, J = 7.6 Hz, 2H), 3.44 (t, J 

= 6.6 Hz, 2H), 2.24 (apparent quin, J = 7.5 Hz, 2H), 1.87 (m, 2H), 1.56 (m, 4H). 

19F NMR (500.28 MHz, CDCl3) δ: -78.85 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 150.1, 142.1, 141.9, 138.0, 134.8, 131.9, 130.7, 

129.8, 125.9, 125.9, 125.8, 54.9, 32.9, 29.7, 29.1, 27.3, 25.4. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H22N4Br , 385.1022; found 385.1040. 

2-21 [3-(6-bromohexyl)-1-phenyl-5-(pyridin-2-yl-κN)-1H-1,2,3-triazol-3-ium-κC] 

chlorido[(1,2,3,4,5-η)-1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl]-iridium(III) 

trifluoromethanesulfonate 

2-21, [3-(6-bromohexyl)-1-phenyl-5-(pyridin-2-yl-

κN)-1H-1,2,3-triazol-3-ium-κC] chlorido[(1,2,3,4,5-η)-

1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl]-

iridium(III) trifluoromethanesulfonate, was prepared 

as follows. First 2-20•OTf (0.2066 g, 0.39 mmol), 

Ag2O (0.0894 g, 1 eq., 0.39 mmol) and [IrCp*Cl2]2 

(0.307 g; 1 eq., 0.39 mmol) were dissolved in freshly 

distilled DCM (10 mL) and stirred for 24 h. The reaction was then filtered through a pad 

of Celite and the solvent was then removed in vacuo. Silica chromatography was done 

with a gradient DCM and methanol eluent to obtain bright red crystals of 2-21, 0.1506 g, 

(43 % yield). 

1H NMR (400.13 MHz, CDCl3) δ: 8.79 (d, J = 5.8 Hz, 1H), 7.94 (br m, 2H), 7.91 – 7.52 

(m, 4H), 7.40 (ddd, J = 7.3, 5.6, 1.5 Hz, 1H), 7.17 (d, J = 8.1 Hz, 1H), 4.85 (dt, J = 13.2, 

7.4 Hz, 1H), 4.68 (dt, J = 13.6, 7.2 Hz, 1H), 3.55 (t, J = 6.6 Hz, 2H), 2.32 – 2.13 (m, 2H), 

1.88 (s, 15H), 1.80 (m, 2H), 1.75 – 1.64 (m, 2H), 1.46 (m, 2H). 
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13C{1H} NMR (700.40 MHz, CDCl3) δ: 156.6, 152.9, 149.4, 148.4, 139.6, 139.2, 134.6, 

132.8, 130.7, 126.3, 126.1, 125.8, 121.3, 91.5, 54.1, 45.2, 32.5, 29.9, 26.6, 26.1, 9.9. 

19F NMR (500.28 MHz, CDCl3) δ: -77.74 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C29H36BrClIrN4, 747.1441; found 747.1414. 

2-22: 2-nitro-4-((triisopropylsilyl)oxy)aniline 

2-22, 2-Nitro-4-((triisopropylsilyl)oxy)aniline, was prepared as follows. 

First 0.5000 g of 4-amino-3-nitrophenol (3.25 mmol) was dissolved in 

freshly distilled DCM (5 mL) with distilled triethylamine (0.5 mL, 1.1 

eq., 3.6 mmol) and the solution was cooled to 0 °C. Then 0.76 mL of 

triisopropylsilyl chloride was added dropwise to the solution. The reaction was warmed 

to RT and stirred for one hour. The solution was quenched with ice cold water (20 mL) 

and additional DCM was added (20 mL). The two phases were separated and the 

organic layer was washed with brine (20 mL) and dried with sodium sulfate. Solvent was 

removed in vacuo to afford bright red crystals of 2-22, 0.9158 g, (91 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 7.59 (d, J = 2.9 Hz, 1H), 7.02 (dd, J = 8.9, 2.9 Hz, 1H), 

6.70 (d, J = 9.0 Hz, 1H), 5.81 (br s, 2H), 1.25 (hept, J = 7.4 Hz, 3H), 1.10 (d, J = 7.6 Hz, 

18H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 146.7, 139.6, 131.8, 130.0, 119.6, 114.3, 17.9, 

12.5. 

TOF HRMS (EI+) m/z: [M]+ calc’d for, C15H26N2O3Si, 310.1713; found 310.1708. 

2-27 1-isopropyl-5-methoxy-1H-benzo[d]imidazole and 1-isopropyl-6-methoxy-1H-
benzo[d]imidazole 

2-27, 1-Isopropyl-5-methoxy-1H-benzo[d]imidazole and 1-isopropyl-6-

methoxy-1H-benzo[d]imidazole, was prepared as follows. First 2-26 

(0.8825 g, 6 mmol), anhydrous Cs2CO3 (1.2 eq., 2.280 g, 7.2 mmol) and 

2-bromopropane (3 eq., 1.7 mL, 18 mmol) were dissolved in MeCN (50 

mL), then the mixture was refluxed overnight. After cooling to RT, solvent 
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was removed. DCM was added to the residue and the resulting mixture was filtered by 

suction through a pad of Celite and washed a several times with DCM. Solvent was 

removed in vacuo yielding a deep orange liquid, 2-27, 1.0353 g, (91 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 7.91 (s, 1H), 7.88 (s, 1H), 7.67 (d, J = 8.8 Hz, 1H), 

7.28 (d, J = 9.6 Hz, 2H), 6.93 (dd, J = 8.8, 2.3 Hz, 1H), 6.90 (dd, J = 8.9, 2.2 Hz, 1H), 

6.85 (d, J = 2.3 Hz, 1H), 4.55 (m, 2H), 3.86 (s, 3H), 3.85 (s, 3H), 1.58 (m, 12H).  

13C{1H} NMR (700.40 MHz, CDCl3) δ: 156.5, 156.0, 144.8, 140.3, 139.4, 138.5, 133.9, 

127.9, 120.8, 112.8, 111.2, 110.5, 102.3, 93.7, 55.9, 55.8, 47.8, 47.5, 22.6, 22.5.  

TOF HRMS (EI+) m/z: [M]+ calc’d for, C11H14N2O, 190.1106; found 190.1100. 

2-28: 1-isopropyl-1H-benzo[d]imidazol-5-ol and 1-isopropyl-1H-benzo[d]imidazol-
6-ol 

2-28, 1-Isopropyl-1H-benzo[d]imidazol-5-ol and 1-isopropyl-1H-

benzo[d]imidazol-6-ol, was prepared as follows. First 0.647 g of 2-27 was 

dissolved in 20 mL of freshly distilled DCM under Ar(g) in a dry schlenck 

flask purged three times with Ar(g). The flask was lowered to -78 °C and 

10.2 mL of a 1 M solution of BBr3 in DCM (3 eq., 10.2 mmol) was added 

dropwise to the solution and the reaction was allowed to slowly warm to RT and left 

stirring for 18 hours. Then methanol was added to the reaction and the solvent was 

removed in vacuo. The solid was dissolved in minimal amounts of acetone then diethyl 

ether was added to precipitate the solid, which was then filtered to give 2-28, 0.1389 g, 

(23 % yield). 

1H NMR (300.13 MHz, CD3CN) δ: 8.65 (s, 1H), 8.56 (s, 1H), 8.21 (d, J = 8.5 Hz, 1H), 

8.08 (m, 1H), 7.94 (m, 1H), 7.67 (dd, J = 8.8, 2.1 Hz, 1H), 7.59 (m, 2H), 5.23 (m, 1H), 

5.10 (m, 1H), 2.26 (d, J = 6.7 Hz, 6H), 2.18 (d, J = 6.7 Hz, 6H). 

13C{1H} NMR (700.40 MHz, DMSO-d6) δ: 157.1, 156.8, 139.0, 138.8, 132.6, 132.0, 

124.6, 124.2, 117.1, 116.5, 115.9, 114.9, 99.1, 98.3, 50.7, 50.3, 22.1, 21.9. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C10H13ON2, 177.1022; found 177.1014. 
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2-30: 5-bromo-1H-benzo[d]imidazole 

2-30, 5-Bromo-1H-benzo[d]imidazole, was prepared as follows. First 5.000 

g (23 mmol) of 4-bromo-2-nitroaniline, 12.846 g (10 eq., 230 mmol) of iron 

powder, and 12.303 g (10 eq., 230 mmol) of ammonium chloride were 

placed in a round bottom flask. Then 260 mL of isopropanol was added to 

the flask until 4-bromo-2-nitroaniline dissolved and 130 mL of formic acid (150 eq., 3456 

mmol) was slowly added. The mixture was raised to 90 °C and left stirring under Ar(g) 

for three hours. The mixture was cooled to RT and then the iron powder was filtered 

away and washed with 3 x 50 mL of isopropanol. All of the filtrate was collected and 

reduced under vacuum. The residue was mixed with saturated NaHCO3 until all of the 

remaining formic acid was reacted. This was then partitioned with DCM and the organic 

layer was collected. The aqueous layer was subsequently washed three more times 

with DCM. The organic layer was then dried over MgSO4, filtered, and reduced under 

vacuum to give a deep orange solid, 2-30, 2.0901 g, (46 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 8.16 (d, J = 3.4 Hz, 1H), 7.82 (s, 1H), 7.54 (d, J = 8.7 

Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 141.4, 138.8, 136.6, 126.3, 118.5, 116.8, 116.2. 

TOF HRMS (EI+) m/z: [M]+ calc’d for C7H5N2Br, 195.9636; found 195.9630. 

2-31: 5-bromo-1-isopropyl-1H-benzo[d]imidazole and 6-bromo-1-isopropyl-1H-
benzo[d]imidazole 

2-31, 5-Bromo-1-isopropyl-1H-benzo[d]imidazole and 6-bromo-1-

isopropyl-1H-benzo[d]imidazole, were prepared as follows. First 2-30 

(1.000 g, 5.1 mmol), anhydrous Cs2CO3 (1.984 g, 1.2 mmol) and 2-

bromopropane (2 eq., 0.95 mL, 10.2 mmol) were dissolved in MeCN (50 

mL), then the mixture was refluxed overnight with stirring. After cooling to 

RT, solvent was removed. DCM was added to the residue and the resulting mixture was 

filtered by suction through a pad of Celite and washed several times with DCM. Solvent 

was removed in vacuo yielding a reddish liquid, 2-31, 1.1142 g, (91 % yield). 
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1H NMR (700.40 MHz, CDCl3) δ: 7.90 (s, 1H), 7.89 (s, 1H), 7.87 (d, J = 1.8 Hz, 1H), 

7.61 (d, J = 8.5 Hz, 1H), 7.51 (d, J = 1.8 Hz, 1H), 7.29 (dd, J = 8.6, 1.8 Hz, 2H), 7.20 

(dd, J = 8.6, 1.8 Hz, 1H), 4.49 (m, 2H), 1.51 (d, J = 1.51 Hz, 12H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 145.4, 143.1, 141.3, 141.0, 134.5, 132.3, 125.7, 

125.4, 123.2, 121.7, 116.0, 115.1, 113.3, 111.5, 48.1, 48.0, 22.6. 

TOF HRMS (EI+) m/z: [M]+ calc’d for C10H11N2Br, 238.0106; found 238.0101. 

2-33: 3-(6-azidohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium bromide 

2-33, 3-(6-Azidohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-

1,2,3-triazol-3-ium bromide, was prepared as 

follows. First 2-20 (0.1036 g, 0.22 mmol) was 

dissolved in DMSO (5 mL) and sodium azide (0.043 

g, 3 eq., 0.66 mmol) was added to the solution. The 

reaction was heated at 50 °C for 48 hours. When the 

reaction was complete the solvent was removed via kugelrohr. Then ethyl acetate (20 

mL) and deionized water (20 mL) was added and the layers were separated. The 

organic solvent was removed by rotovap to afford 2-33, 0.0443 g, (47 % yield).  

1H NMR (400.13 MHz, CDCl3) δ: 10.72 (s, 1H), 8.44 (d, J = 5.0 Hz, 1H), 8.20 (dt, J = 

7.8, 1.2 Hz, 1H), 7.88 (td, J = 7.8, 1.8 Hz, 1H), 7.65 (m, 1H), 7.56 (dd, J = 8.6, 7.0 Hz, 

2H), 7.51 (m, 3H), 7.38 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H), 5.03 (t, J = 7.4 Hz, 3H), 3.42 (t, J 

= 6.6 Hz, 2H), 2.27 (m, 2H), 1.90 (m, 2H), 1.57 (m, 4H). 

13C{1H} NMR (700.40 MHz, CD3OD) δ: 150.2, 142.4, 142.1, 137.5, 134.9, 134.8, 131.8, 

129.6, 129.5, 128.5, 125.8, 125.7, 124.8, 54.3, 50.9, 28.6, 28.2, 25.8, 25.4. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H22N7, 348.1931; found 348.1921.  
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2-33•OTf: 3-(6-azidohexyl)-1-phenyl-5-(pyridin-2-yl)-1H-1,2,3-triazol-3-ium 
trifluoromethanesulfonate 

2-33•OTf, 3-(6-Azidohexyl)-1-phenyl-5-(pyridin-2-

yl)-1H-1,2,3-triazol-3-ium 

trifluoromethanesulfonate, was prepared as 

follows. First 2-33 (0.0555 g, 0.13 mmol) was 

dissolved in acetone and 0.223 g of sodium 

trifluoromethanesulfonate (10 eq., 1.3 mmol) was added to the solution. The reaction 

was allowed to stir for 24 h at RT. When the reaction was complete the solution was 

filtered through a pad of Celite. The solvent was then removed and the solid redissolved 

in DCM and filtered through another pad of Celite. The organic solvent was then 

removed in vacuo to afford a brown sticky solid, 2-34•OTf, 0.0615 g, (96 % yield). 

1H NMR (400.13 MHz, CDCl3) δ: 10.72 (s, 1H), 8.44 (m, 1H), 8.20 (dt, J = 7.8, 1.2 Hz, 

1H), 7.88 (td, J = 7.8, 1.8 Hz, 1H), 7.65 (m, 1H), 7.56 (dd, J = 8.6, 7.0 Hz, 2H), 7.51 (m, 

2H), 7.38 (ddd, J = 7.7, 4.8, 1.1 Hz, 1H), 5.03 (t, J = 7.4 Hz, 2H), 3.42 (t, J = 6.6 Hz, 

2H), 2.27 (m, 2H), 1.90 (m, 2H), 1.57 (m, 4H). 

13C{1H} NMR (600.16 MHz, CD3OD) δ: 150.1, 142.1, 141.6, 137.9, 134.7, 131.9, 130.8, 

129.8, 125.8, 121.7, 119.6, 117.5, 115.7, 54.9, 51.2, 29.1, 28.5, 26.0, 25.8. 

19F NMR (500.28 MHz, CDCl3) δ: -78.78 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H22N7, 348.1931; found 348.1922. 

2-34•OTf: 1-phenyl-3-(6-(4-phenyl-1H-1,2,3-triazol-1-yl)hexyl)-5-(pyridin-2-yl)-1H-

1,2,3-triazol-3-ium trifluromethanesulfonate 

2-34•OTf, 1-Phenyl-3-(6-(4-phenyl-1H-1,2,3-

triazol-1-yl)hexyl)-5-(pyridin-2-yl)-1H-1,2,3-

triazol-3-ium trifluromethanesulfonate, was 

prepared as follows. First 2-20•OTf (0.1500 

g, 0.32 mmol) was dissolved in dry DMSO 

(15 mL) and sodium azide (0.042 g, 2 eq., 

0.64 mmol) was added. The reaction was heated at 50 °C for 48 h. Then 

phenylacetylene (0.04 mL, 1.1 eq., 0.38 mmol), copper sulfate (0.0255 g, 0.5 eq., 0.16 
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mmol), and sodium ascorbate (0.0634 g, 1 eq., 0.32 mmol) were added to the reaction 

along with deionized water (10 mL). The reaction was stirred for 18 h at RT. Ethyl 

acetate (50 mL) was added to the reaction along with ice cold water (50 mL) and the 

phases were separated. The organic solvent was removed in vacuo and DCM (50 mL) 

and additional deionized water (50 mL) was added and the phases separated to remove 

the residual DMSO. The organic phase was washed with additional deionized water (50 

mL) and brine (50 mL). Then the organic layer was dried with sodium sulfate and the 

solvent removed in vacuo. The solid was then redissolved in acetone (10 mL) and 

sodium triflate was added (0.5506 g, 10 eq., 3.2 mmol) and the solution was stirred at 

RT for 24 h. The solvent was removed in vacuo and the solid was redissolved in DCM 

(10 mL) and filtered through a pad of Celite. The solvent was removed in vacuo to afford 

the product, 2-34•OTf, 0.0427 g, (22 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 9.47 (s, 1H), 8.48 (d, J = 4.8 Hz, 1H), 7.95 (m, 2H), 

7.86 (m, 3H), 7.66 (t, J = 7.3 Hz, 1H), 7.57 (t, J = 8.0 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 

7.41 (m, 3H), 7.32 (t, J = 7.4 Hz, 1H), 4.85 (t, J = 7.5 Hz, 2H), 4.46 (t, J = 7.0 Hz, 2H), 

2.22 (apparent quin, J = 7.5 Hz, 2H), 2.03 (apparent quin, J = 7.0 Hz, 2H), 1.58 

(apparent quin, J = 7.5 Hz, 2H), 1.50 (apparent quin, J = 7.6 Hz, 2H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 150.1, 147.7, 142.0, 138.0, 134.8, 131.9, 130.9, 

130.7, 129.8, 128.8, 128.0, 126.0, 125.9, 125.8, 125.7, 125.0, 120.2, 54.8, 50.0, 32.2, 

29.7, 26.4, 25.5. 

19F NMR (500.28 MHz, CDCl3) δ: -78.75 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C27H28N7, 450.2401; found 450.2388. 

 

 

 

 

 



 

 
93 

2-35 chlorido[1-phenyl-3-(6-(4-phenyl-1H-1,2,3-triazol-1-yl)hexyl-5-(pyridin-2-yl-

κN)-1H-1,2,3-triazol-3-ium-κC][(1,2,3,4,5-η)-1,2,3,4,5-pentamethyl-2,4-

cyclopentadien-1-yl]-iridium(III) trifluoromethanesulfonate 

2-35, [1-phenyl-3-(6-(4-phenyl-1H-1,2,3-

triazol-1-yl)hexyl-5-(pyridin-2-yl-κN)-1H-

1,2,3-triazol-3-ium-κC]chlorido[(1,2,3,4,5-η)-

1,2,3,4,5-pentamethyl-2,4-cyclopentadien-

1-yl]-iridium(III) trifluoromethanesulfonate, 

was prepared as follows. First 2-34•OTf 

(0.0725 g, 0.07 mmol), Ag2O (0.016 g, 1 

eq., 0.07 mmol) and [IrCp*Cl2]2 (0.056 g; 1 

eq., 0.07 mmol) were dissolved in freshly distilled DCM (20 mL) and stirred for 24 h. 

After filtration through a pad of Celite, the solvent was removed in vacuo. A silica 

column with a gradient DCM and methanol eluent was run to obtain bright red crystals 

of 2-34, 0.0725 g, (99 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 8.79 (d, J = 6.0 Hz, 1H), 7.95 – 7.81 (m, 3H), 7.82 – 

7.68 (m, 4H), 7.51 (dd, J = 7.6, 4.0 Hz, 1H), 7.41 (m, 3H), 7.18 – 7.11 (m, 1H), 7.10 (m, 

1H), 6.95 (m, 1H), 4.86 (dt, J = 12.2, 6.2 Hz, 1H), 4.65 (dt, J = 15.8, 7.7 Hz, 1H), 4.40 

(m, 2H), 2.18 (m, 2H), 1.99 (m, 2H), 1.88 – 1.82 (br s, 15H), 1.75 (m, 2H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 152.8, 152.7, 148.9, 139.4, 136.1, 134.2, 132.5, 

130.5, 129.3, 128.8, 128.0, 126.1, 125.7, 125.3, 122.1, 121.6, 120.9, 119.8, 117.4, 91.3, 

53.8, 50.1, 29.9, 29.3, 25.8, 25.6, 9.0. 

19F NMR (500.28 MHz, CDCl3) δ: -78.79 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C37H42N7ClIr, 812.2814; found 812.2846. 

 

 

 

 

N

N N

N

Ir Cl

N
NN

Ph

OTf



 

 
94 

2-38: 5-iodo-1-isopropyl-1H-benzo[d]imidazole and 6-iodo-1-isopropyl-1H-
benzo[d]imidazole 

2-38, 5-Iodo-1-isopropyl-1H-benzo[d]imidazole and 6-iodo-1-isopropyl-

1H-benzo[d]imidazole, were prepared as follows. First 2-37 (0.8945 g, 3.7 

mmol), anhydrous Cs2CO3 (1.791 g, 1.5 eq., 5.5 mmol) and 2-

bromopropane (1 mL, 3 eq., 11 mmol) were dissolved in MeCN (50 mL), 

then the mixture was refluxed overnight with stirring. After cooling to RT, 

solvent was removed in vacuo. DCM was added to the residue and the resulting mixture 

was filtered by suction through a pad of Celite and washed several times with DCM. 

Solvent was removed in vacuo yielding a reddish liquid, 2-38, 0.9948 g, (94 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 8.15 (d, J = 1.5 Hz, 1H), 7.93 (s, 1H), 7.92 (s, 1H), 

7.78 (dd, J = 1.4, 0.7 Hz, 1H), 7.57 (d, J = 1.5 Hz, 1H), 7.56 (d, J = 0.7 Hz, 1H), 7.55 (d, 

J = 1.5 Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H), 4.59 (m, 2H), 1.62 (d, J = 1.2 Hz, 6H), 1.61 (d, 

J = 1.2 Hz, 6H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 145.9, 143.6, 140.8, 140.6, 134.9, 132.8, 131.1, 

131.0, 129.4, 122.1, 119.2, 111.9, 86.3, 85.2, 47.9, 47.9, 22.6, 22.6. 

TOF HRMS (EI+) m/z: [M]+ calc’d for C10H11IN2, 285.9967; found 285.9959 

2-39: 5-ethynyl-1-isopropyl-1H-benzo[d]imidazole and 6-ethynyl-1-isopropyl-1H-
benzo[d]imidazole 

2-39, 5-Ethynyl-1-isopropyl-1H-benzo[d]imidazole and 6-ethynyl-1-

isopropyl-1H-benzo[d]imidazole, were prepared as follows. First 2-38 

(0.7500 g, 2.6 mmol), 6 mL of freshly distilled triethylamine, and 7 mL of 

Drisolv N,N-dimethylformamide were placed in a dry and purged schlenk 

flask under Ar(g). The solution was bubbled with Ar(g) for 30 minutes. 

Then 96 mg of Pd(PPh3)2Cl2 (5 mol %, 0.131 mmol) and 49.5 mg of 

copper iodide (10 mol %, 0.26 mmol) were added to the solution. Then 0.47 mL of 

trimethylsilylacetylene (1.3 eq., 3.4 mmol) was added to the solution dropwise. The 

reaction was allowed to stir under Ar(g) for 18 h at RT. The reaction was quenched with 

saturated ammonium chloride solution (20 mL), then DCM (20 mL) was added and the 

layers were separated. The organic layer was washed with deionized water and brine 

N N

I

N N



 

 
95 

and dried with sodium sulfate. The solvent was removed in vacuo yielding a reddish 

liquid, 2-39, 0.2216 g, (46 % yield). 

1H NMR (400.13 MHz, CDCl3) δ: 8.03 (m, 2H), 7.98 (d, J = 1.3 Hz, 1H), 7.75 (d, J = 8.3 

Hz, 1H), 7.61 (d, J = 1.4 Hz, 1H), 7.43 (m, 2H), 7.37 (d, J = 8.4 Hz, 1H), 4.77 – 4.53 (m, 

2H), 3.08 (s, 1H), 3.04 (s, 1H), 1.64 (d, J = 1.6 Hz, 6H), 1.62 (d, J = 1.5 Hz, 6H).  

13C NMR (700.40 MHz, CDCl3) δ: 145.8, 140.9, 132.1, 132.0, 131.9, 131.2, 129.3, 

128.5, 128.5, 126.6, 126.5, 120.5, 120.3, 114.8, 113.6, 111.9, 85.2, 82.4, 48.1, 48.0, 

22.6, 22.5. 

TOF HRMS (EI+) m/z: [M]+ calc’d for C12H12N2, 184.1000; found 184.1007 

2-40: 5-ethynyl-1,3-diisopropyl-1H-benzo[d]imidazolium 
trifluoromethanesulfonate 

2-40, 5-Ethynyl-1,3-diisopropyl-1H-benzo[d]imidazolium 

trifluoromethanesulfonate, was prepared as follows. First a 

stirred solution of anhydrous 2-propanol (3 eq., 0.25 mL, 3.3 

mmol) and anhydrous pyridine (3 eq., 0.27 mL, 3.3 mmol) in 

dry DCM (5 mL) at −78 °C under argon was prepared, then 

triflic anhydride (3 eq., 0.56 mL, 3.3 mmol) was slowly added, 

which resulted in a formation of white precipitate. The reaction mixture was stirred at 

−78 °C for 30 minutes and then at RT for additional 30 minutes. Pentane (5 mL) was 

added to further precipitate the formed salts and reaction mixture was then filtered by 

suction through fritted filter flask to a solution of 2-39 (0.2000 g, 1.1 mmol) in dry DCM 

(5 mL). Reaction mixture was stirred under argon at −78 °C for 10 minutes and then at 

RT overnight. DCM was removed in vacuo to yield a dark brown viscous oil. The 

product was purified either by silica column chromatography (DCM-MeOH, gradient) or 

by trituration depending on the impurities to give a pale yellow solid, 2-40, 0.0443 g, (11 

% yield).  

1H NMR (400.13 MHz, CD3OD) δ: 9.65 (s, 1H), 8.33 (m, 1H), 8.09 (d, J = 8.7 Hz, 1H), 

7.86 (dd, J = 8.7, 1.4 Hz, 1H), 5.09 (hept, J = 6.7 Hz, 2H), 3.32 (s, 1H), 1.75 (d, J = 6.8 

Hz, 12H). 
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13C{1H} NMR (700.40 MHz, CD3CN) δ: 140.2, 132.7, 132.2, 131.7, 120.3, 119.3, 115.4, 

81.7, 75.1, 52.8, 21.9. 

19F NMR (500.28 MHz, CDCl3) δ: -78.85 

TOF HRMS (ESI+) m/z: [M]2+ calc’d for C30H36N4, 226.1465; found 226.1460. 

2-41: [3-(6-azidohexyl)-1-phenyl-5-(pyridin-2-yl-κN)-1H-1,2,3-triazol-3-ium-κC] 

chlorido[(1,2,3,4,5-η)-1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl]-iridium(III) 

trifluoromethanesulfonate 

2-41, [3-(6-azidohexyl)-1-phenyl-5-(pyridin-2-yl-κN)-

1H-1,2,3-triazol-3-ium-κC] chlorido[(1,2,3,4,5-η)-

1,2,3,4,5-pentamethyl-2,4-cyclopentadien-1-yl]-

iridium(III) trifluoromethanesulfonate, was prepared 

as follows. First 2-33•OTf (0.0615 g, 0.12 mmol), 

Ag2O (0.0286 g, 0.12 mmol) and [IrCp*Cl2]2 (0.0985 

g, 0.12 mmol) were dissolved in freshly distilled 

DCM (10 mL) and stirred for 24 h. After filtration through a pad of Celite, the solvent was 

removed. A silica column with a gradient DCM and methanol eluent was run to obtain 

bright red crystals of 2-40, 0.0806 g. (78% yield) 

1H NMR (700.40 MHz, CDCl3) δ: 8.80 (d, J = 5.8 Hz, 1H), 7.88 (m, 2H), 7.77 (m, 4H), 

7.45 (t, J = 6.8 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 4.84 (m, 2H), 4.67 (m, 2H), 3.27 (t, J = 

6.8 Hz, 2H), 2.37 – 2.09 (m, 2H), 1.86 (s, 15H), 1.67 – 1.54 (m, 2H), 1.45 (m, 4H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 156.4, 152.9, 148.7, 148.1, 139.6, 134.1, 132.6, 

130.6, 126.4, 126.3, 126.21, 126.16, 120.9, 91.2, 53.9, 51.2, 29.6, 28.6, 26.2, 26.0, 9.7. 

19F NMR (500.28 MHz, CDCl3) δ: -78.98 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C29H36N7ClIr, 710.2345; found 710.2344. 

 

 

 

 

N

N N

N

Ir Cl

N3

OTf



 

 
97 

2.6.4 Deposition of Carbenes on Gold 

2.6.4.1 Cleaning of gold surfaces  

Au(111) on mica  

Prior to functionalization the Au(111) films were cleaned by washing the films in 3 x 2 

mL of methanol, drying them under an argon gas (4.8 Praxair) stream for 1 minute, then 

cleaning them with plasma generated from room air at a medium RF level and a 

pressure kept between 300 and 500 mtorr for 1 minute. The films were then used 

immediately for functionalization. 

Au/Si for NHC SAM deposition and Electrochemical Cycling 

NHC films prepared for electrochemical cycling using Au/Si substrates, which were 

prepared by electron-beam deposition at a thickness of 200 nm Au on a Si wafer with 

20 nm of Ti as the adhesion layer (Nanofabrication Facility at University of Western 

Ontario). The substrates were electrochemically cleaned prior to each experiment by 

running a cyclic voltammetry immersed in a 0.5 M KOH solution between -2 V and 0 V 

for 100 cycles, followed by 0.5 M H2SO4 solutions between 0 V and +1.4 V for 100 

cycles at a scan rate of 0.5 V·s-1. The electrodes were always rinsed with deionized 

water thoroughly between steps. 

2.6.4.2 Preparation of NHC SAMs  

Free Carbene Method  

Self-assembled monolayers were prepared by immersion of the gold substrates in a 1 

mM solution of the corresponding free carbene was dissolved in dry toluene at RT in the 

glove box. Substrates were then rinsed in toluene (10 x 2 mL) and dried under an argon 

gas (4.8 Praxair) stream for 1 minute.  

Hydrogen carbonate Salt Method  

Self-assembled monolayers were prepared by immersion of the gold substrates in 1 to 

10 mM solutions of the corresponding benzimidazolium hydrogen carbonate salt in 

methanol for 24 hours at RT in air. Substrates then were rinsed in methanol (5 x 2 mL) 

and dried under an argon gas (4.8 Praxair) stream for 1 minute.  
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2.6.5 Surface reactions of NHC SAMs  

Copper-catalyzed click reaction  

Phenylacetylene (1.0 µL, 0.1 mmol) was dissolved in DMF (1 mL), and water (1.8 mL) 

was added. Then CuSO4 (0.016 g, 0.1 mmol) was added followed by sodium ascorbate 

(0.0396 g, 0.2 mmol). The mixture was allowed to stir at RT for 3 min. Then the stirring 

bar was taken out and the azide-terminated carbene surface on gold was submerged in 

the solution. The reaction was performed at RT in air for 24 h. After this time, the chip 

was taken out and rinsed in the following solvents in this order: DMF, pentane, DCM, 

conc. NH3 water solution, DI water (3 times), ethyl acetate, and hexane.  

Base-catalyzed click reaction  

Phenylacetylene (1.0 µL, 0.1 mmol) was dissolved in DMSO (2 mL) and KOtBu (2.2 mg, 

0.06 mmol) was added. The mixture was allowed to stir at RT for 3 min. Then the 

stirring bar was taken out and the azide-terminated carbene surface on gold was 

submerged in the solution. The deposition was performed at RT in air for 24 h. After this 

time, the chip was taken out and rinsed in the following solvents in this order: DI water 

(3 times), ethyl acetate, DCM, and hexane.  

Copper-catalyzed arylation reaction  

Diphenyliodonium tetrafluoroborate (3.7 mg, 0.1 mmol) was dissolved in dry DMF (2 

mL) and CuSO4 (0.8 mg, 0.005 mmol) was added. The mixture was allowed to stir at RT 

for 3 min. Then the stirring bar was taken out and the triazole-terminated carbene 

surface on gold was submerged in the solution. The deposition was performed at 100 

°C under Ar(g) for 24 h in a telfon-sealed vial. After this time, the chip was taken out and 

rinsed in the following solvents in this order: DI water (3 times), ethyl acetate, DCM, and 

hexane.  

Metallation with NaHMDS 

A triazolium-terminated gold chip was placed into a Schlenk flask and brought into the 

glovebox. Then [IrCp*Cl2]2 (5 mg, 0.0063 mmol) was added to the flask with dry THF 

(2.5 mL). In a separate vial NaHMDS (2.3 mg, 0.0125 mmol) was dissolved in additional 

THF (2.5 mL). Both vessels were then sealed with septa and removed from the 
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glovebox and placed under Ar(g). The Schlenk flask with the NHC chip was lowered to -

78 °C and the NaHMDS solution was added dropwise to the flask. The reaction was 

slowly warmed to RT and allowed to stir for 18 h. After this time, the chip was taken out 

and rinsed in the following solvents in this order: DI water (3 times), ethyl acetate, DCM, 

and hexane.  

Metallation with NaH 

A triazolium-terminated gold chip was placed into a Schlenk flask and brought into the 

glovebox. Then [IrCp*Cl2]2 (5 mg, 0.0063 mmol) was added to the flask with dry THF 

(2.5 mL). In a separate vial NaH (0.3 mg, 0.0125 mmol) was dissolved in additional THF 

(2.5 mL). Both vessels were then sealed with septa and removed from the glovebox and 

placed under Ar(g). The Schlenk flask with the NHC chip was lowered to -78 °C and the 

NaHMDS solution was added dropwise to the flask. The reaction was slowly warmed to 

RT and allowed to stir for 18 h. After this time, the chip was taken out and rinsed in the 

following solvents in this order: DI water (3 times), ethyl acetate, DCM, and hexane.  

Alkylation with Me3OBF4 

Trimethyloxonium tetrafluoroborate (1.5 mg, 0.01 mmol) was dissolved in dry DCM (1 

mL) in the glovebox. The triazole-terminated carbene surface on gold was submerged in 

the solution. The deposition was performed at RT under N2(g) in the glovebox for 24 h 

in a telfon-sealed vial. After this time, the chip was taken out and rinsed in the following 

solvents in this order: Methanol, DI water (3 times), ethyl acetate, DCM, and hexane.  

Alkylation with BnBr 

Benzyl bromide (1.2 µL, 0.01 mmol) was dissolved in dry (1 mL). The mixture was 

allowed to stir at RT for 3 min. Then the stirring bar was taken out and the triazole-

terminated carbene surface on gold was submerged in the solution. The deposition was 

performed at 80 °C under Ar(g) for 24 h in a telfon-sealed vial. After this time, the chip 

was taken out and rinsed in the following solvents in this order: DI water (3 times), ethyl 

acetate, DCM, and hexane.  
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2.6.6 XPS Analysis of NHC SAMs of Gold 

In all XPS results below the Shirley background is shown in grey and the Powel peak 

fitting shown in green, yellow, blue, and orange. The corrected area of the peaks, using 

Scoffield factors, was added together and used to obtain the observed elemental ratios.  

2-4@Au via Free Carbene Method 
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2-4@Au via Hydrogen carbonate Salt Method 

 

2-5@Au via Hydrogen carbonate Method 
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2-6@Au 75 % and 2-4@Au 25 % 

 

2-7@Au Base-catalyzed click reaction 
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2-8@Au Arylation reaction 
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2-10@Au  

 

2-11@Au Arylation reaction 
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2-13@Au Me3OBF4 alkylation reaction  
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2-13@Au triflate and hydrogen carbonate salt  

 

2-14@Au BnBr alkylation reaction  
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2-15@Au NaH mediated metallation reaction 

 

2.6.7 UV-visible Spectroscopy General Conditions 

A solution of 7.5 mM cerium ammonium nitrate (CAN) was prepared in 0.5 M HNO3 

(base and metal free). Chips prepared with either the catalyst (2-9) or control (2-6) was 

placed at the bottom of a quartz cuvette and topped with the CAN/HNO3 solution filling 

the cell (~3.8 mL). Absorbance at 420 nm was measured every 15 seconds for either 3 

h or 6 h. For additional runs an additional aliquot of CAN (15.6 mg) was added to the 

cell to replace all the consumed CAN.  
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2.6.8 Electrochemistry 

The electrolyte for all reactions consisted of phosphate buffer (0.5 M K2HPO4 / 0.5 M 

KH2PO4) adjusted by 0.1 M HNO3 and 0.1 M NaOH solutions to the desired pH. All 

solutions were prepared using triply distilled MilliQ water. The scan rate for all 

experiments was 0.1 V/s. A two-compartment glass cell was utilized with the working 

electrode (WE) and counter electrode (CE) placed in one compartments and the 

reference electrode (RE) placed in the second compartment. The RE consisted of a 

Ag/AgCl electrode, to which all potentials are referenced in this work. The CE consisted 

of a Pt wire and the WE consisted of a 1 cm x 1 cm square of Au on silicon 

functionalized with the desired NHC SAM.  
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Chapter 3 

In Situ Carbene Deposition 

3.1 In Situ Carbene Introduction  

 As discussed previously, N-heterocyclic carbenes (NHCs) are a well-studied 

group of ligands for transition metals,1 as organocatalysts,2-4 and recently as surface 

ligands for both 2D and 3D metal surfaces.5-7 Typically the free NHC is prepared by 

reacting the azolium salt with a strong base to deprotonate the carbeneic carbon.8 

Unfortunately, this often requires inert atmosphere free from oxygen and water and 

inherently limits the possible functionalities present on the NHC. There has recently 

been interest in finding mild methods for NHC generation. This is possible by masking 

the NHC with various groups that can be removed in situ via thermal activation to 

provide the free carbene.9 Masked NHCs include 2-alkoxy-,10-16 2-pentafluorophenyl-,17-

18 and 2-trichloromethyl- imidazolidines,13, 17 as well as 5-alkoxytriazolines,2, 16 

imidazolium-2-thioisocyanates,19 imidazolium-2-carboxylates,20-27 and the popular NHC-

Ag(I) complexes,28-29 which are commonly used to transfer NHCs to other metal centers 

(Scheme 3-1). One drawback to some of these approaches is that the masked NHCs 

are often synthesized via the free carbene. This makes this approach inherently flawed 

as it merely moves the difficult step earlier in the sequence.  
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Scheme 3-1: Various types of masked NHCs. Adapted from Taton et al.30 

 

 

  Recently Taton reported the use of hydrogen carbonate imidazolium salts as in 

situ free carbenes, which can be prepared without accessing the free carbene at any 

stage in their synthesis.30-31 These salts are particularly interesting when compared to 

NHC-CO2 adducts. These adducts have been observed to hydrolyze to the imidazolium 

hydrogen carbonate salt in solution by both Louie and Rogers.26, 32 However this 

hydrolysis appears to be reversible, which implies when starting from the hydrogen 

carbonate salt, the CO2 adduct is accessible as well as the free carbene. All three forms 

are proposed to be in equilibrium with each other, and if the NHC is trapped by a metal 

source for example, the imidazolium hydrogen carbonate salt could provide an easily 

accessible in situ alternative to generating the free carbene (Scheme 3-2).  
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Scheme 3-2: Equilibrium of NHC-CO2 adduct, hydrogen carbonate imidazolium salt, 
and free carbene. Adapted from Taton et al.30 

  

 

 In Taton’s initial reports on these salts, simple salt metathesis of the starting 

chloride imidazolium salts was performed using KHCO3.
30 However, elemental analysis 

(EA) results were not presented for these salts, which would be necessary to confirm 

complete conversion to the desired product, as the difference in the proton NMR would 

be minimal. Interestingly depending on the solvent used, the CO2 adduct could be 

observed in varying degrees in the 1H NMR spectra. In DMSO-d6 a 1:3 ratio of the CO2 

adduct to the salt was observed, however in MeOH-d4 only the salt was present. Using 

density functional theory (DFT), the authors postulate that the free carbene is indeed 

produced at room temperature via deprotonation of the carbenic carbon by the HCO3 

counter ion followed by loss of H2O and CO2.
30 This report was a great inspiration for 

our work on NHC-protected metal surfaces, however some problems with the synthetic 

method needed to be addressed before moving forward. 

3.2 Utilization for In Situ Carbenes in NHC SAMs Introduction 

 Johnson and co-workers utilized CO2-masked NHCs for deposition on gold 

surfaces prior to our work.33 In their initial report of NHCs as surface ligands for 

Au(111), they utilized both a traditionally generated free carbene using potassium 

bis(trimethylsilyl)amide as the base, as well as a CO2 adduct that was thermally 
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decomposed to the free carbene in situ. Unfortunately, they did not achieve high density 

on the surface. In the free carbene method with KHMDS ((i) Scheme 3-3), excess 

HMDS was observed to contaminate the surface (up to 79% by mass).33 The surfaces 

prepared from the CO2-adduct were cleaner, but the free carbene needed to be 

generated in a separate step by thermal treatment of the CO2-adduct and thus this 

method still required inert atmosphere. In addition, the use of NHCs with large steric 

hindrance prevents highly dense monolayers from being assembled regardless of the 

method employed to make the carbene.  

Scheme 3-3: Deposition of NHC on gold. (i) KHMDS, N2, filtration (ii) 100-110 °C, THF, 
filration (iii) THF. Adapted from Johnson et al.33 

 

 

 After the Crudden groups’ report of NHCs on Au(111) in 2014, wherein they used 

free carbenes to create carbon-based SAMs, members of the group including myself 

sought to find an alternative method that did not involve strong base at any point. Thus, 

inspired by Taton’s solution-phase results with hydrogen carbonate imidazolium salts as 

in situ carbenes,30 the target molecule was found. As the diisopropyl 

benzimidazolylidene carbene (NHC 3-1) gave the highest surface density and greatest 

stability, its hydrogen carbonate salt was chosen as our initial target substrate. Herein 

the routes attempted to create high purity samples of this compound as well as the 
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applications and scope of the routes taken will be discussed in detail. Work on the resin 

exchange and oxidation of these NHC iodide salts (Figure 3-1 (a)) was done 

concurrently with fellow graduate student Mina Narouz.  

 

Figure 3-1: (a) Our routes for preparing NHC hydrogen carbonate salts; (b) Taton's 
synthetic route;30 (c) free NHC 3-1 

 

 

3.3 Results 

3.3.1 Hydrogen carbonate azolium salt deposition of NHC SAMs 

 Hydrogen carbonate salts formed via salt metathesis as described by Taton were 

subject to reproducibility issues in terms of extent of conversion/iodide removal, as 

judged by elemental analysis and surface deposition,30 and thus several alternative 

routes were examined for the preparation of the benzimidazolium hydrogen carbonate.  

 Since the Taton method was shown conclusively to give variable amounts of 

iodide anion, which is known to coordinate strongly to gold, several procedures were 

attempted by myself and fellow graduate student Mina Narouz in order to isolate pure 
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hydrogen carbonate salts. As silver halide salts are known to have low solubility in a 

variety of solvents, I attempted the addition of silver carbonate to a solution of NHC 3-1 

iodide salt. Unfortunately, this method caused decomposition of the starting material 

and the desired product was not obtained. Concurrently with my tests with silver 

carbonate (Equation 3-1), Mina optimized the oxidation of the iodide counterion to 

iodine in order to remove it. Oxidation with H2O2 in the presence of CO2 produced I2 as 

a precipitate and the desired NHC HCO3 salt, which could be separated from each other 

by filtration (Equation 3-2). This approach was successful with simple molecules, 

however, when the ether-tethered long alkyl chain derivative, 3-2, was tested in these 

conditions, decomposition was observed. Thus, while this method is excellent for simple 

substrates, once other oxidatively unstable functional groups, such as ethers, are 

incorporated unwanted decomposition can be observed. 

 

Equation 3-1: Silver carbonate salt metathesis 

 

 

Equation 3-2: Iodide oxidation hydrogen carbonate exchange 

 

 

 Ion exchange resins are a popular means of removing unwanted counterions 

from a substrate when simple salt metathesis is unsuccessful, however commercial 

hydrogen carbonate exchange resins are uncommon. However, my co-worker Mina 

Narouz found that hydroxide-based ion exchange resins could be successfully 

converted to a hydrogen carbonate resin by bubbling CO2 through a suspension of resin 
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for 2 hours.6 With these activated resins, we were able to successfully convert iodide 

salts to hydrogen carbonate salts as confirmed by elemental analysis. This method 

works with some complex NHC precursor salts containing ether linkages, terminal azide 

functionalities, as well as ferrocenes and triazoles.  

 These pure hydrogen carbonate salts could be deposited on Au(111) by 

dissolving the NHC precursor in methanol, in the presence of a clean gold surface in air. 

When compared to films prepared via the free carbene method no discernable 

difference could be seen in the XPS analysis.5 They also possessed the same stability 

characteristics and packing density that the free carbene-based films displayed.5 In 

vacuo depositions without solvent were also performed in collaboration with Dr. 

Christopher Baddeley. He observed that when deposition was performed under ultra-

high vacuum (UHV) at 50 °C (NHC 3-1, Figure 3-2), only 5 minutes of exposure was 

required to achieve a 90% monolayer.6 These monolayers were examined by scanning 

tunneling microscopy (STM) and temperature programmed desorption-mass 

spectrometry (TPD-MS) studies. Using the latter technique, he was able to determine 

the temperature of desorption via mass spectroscopic peaks corresponding to NHC 

fragments that occur when the NHC desorbs from the surface. A Tmax of 605 K was 

found, which, using the Redhead approximation,34 can be used to estimate the bond 

energy at 158 ± 10 kJ/mol for the carbene-gold bond. Previously the Crudden group 

predicted by DFT that the NHC-Au bond would be 150 ± 10 kJ/mol so this experimental 

value is in agreement with theory within error.5 

 Another technique employed in the UHV chamber was high-resolution electron 

energy loss spectroscopy (HREELS), which enables the investigation of surface 

orientation of the NHC.6 Vibrational transitions parallel to the surface will decrease in 

intensity and transitions perpendicular will increase, thus, this technique provides insight 

into surface geometry. SAMs of NHC 3-1 on Au(111) displayed stretching modes of 

aromatic C-H bonds at 3070 cm-1, which were of greater intensity when compared to 

solution based measurements of an Au-NHC-Cl complex of 3-1.6 The C-H vibrations in 

the isopropyl unit were seen to decrease in the surface HREELS experiment, again 

confirming that the NHC binds to the film in an upright geometry. Annealing the films at 
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475 K caused peak sharpening, which implies some level of reorganization of the film to 

a more upright configuration. 6  

 

Figure 3-2: a) TPD of signal of 3-1 at m/z = 41 showing a maximum desorption 
temperature of 605 K. b) HREELS study of 3-1 on Au(111) at 300 K (blue), after 
annealing to 475 K and cooling to 300 K (red), solution spectra of molecular analog of 
NHC-Au-Cl complex (orange) and a simulation showing the calculated vibrational 
modes, which have dipole components normal to the surface (black). Reproduced from 
Crudden et al.6 

 

 

 While the resin-exchange method was able to remove iodine to undetectable 

levels, trace iodine may still be present in the sample. As trace iodine can contaminate 

the surface, a new route was designed such that iodine would never be introduced. 

Benzimidazole was first monoisopropylated with isopropyl bromide and cesium 

carbonate in refluxing overnight (92 % yield, Scheme 3-4). This was then reacted with 

isopropyl triflate, which was made as needed, to give the triflate benzimidazolium salt 

(69 % yield). Resin exchange was then conducted to give the pure hydrogen carbonate 

salt, completely free of iodine by design.  

 Many different NHC precursors have since been made with this general synthetic 

route for surface deposition on gold (Scheme 3-4). Specifically the long chain alkyl 3-2 
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and the functionalized diisopropyl benzimidazolium salt 3-1 from our two previous 

papers on NHC SAMs on gold as well as the ferrocene derivative, 3-3.5-6 SAMs made 

from these monomers appeared to have the same structure and utility as those made 

via the iodide salt, therefore the triflate method was deemed useful for the elimination of 

iodide contamination.  

 

Scheme 3-4: General route for the preparation of hydrogen carbonate NHC precursor 
salts via triflate NHC precursor salts 3-1, 3-2, and 3-3 

 

 

3.3.2 Ester Functionalized NHC 

 One NHC that I was particularly interested in preparing is carboxylate 

functionalized NHC 3-4. Recently, it has been shown that this NHC is a useful surface 

stabilizing ligand for water-soluble gold nanoparticles.7 The carboxylate group enables 

the materials to have pH tunable properties, and, when deprotonated, creates water 

soluble nanoparticles. Both NHC-Au-Cl and [(NHC)2Au]+OTf- were seen to give NHC-

protected nanoparticles and, as expected, the [(NHC)2Au]+OTf- complex reacts slower 

than the NHC-Au-Cl complex. This is because formation of nanoparticles would require 

cleavage of a strong Au–C bond. [(NHC)2Au]+OTf- was more accessible, thus it was 

used as the primary starting material, however additional HAuCl4 is beneficial in 

increasing the rate of reaction (Figure 3-3). XPS analysis confirmed the presence of the 

NHC on the nanoparticle surface.7 The stability and pH response of the two types of 

nanoparticles also supported the presence of the NHC surface ligand. These 

nanoparticles were stable at pH 8 and 10 for up to 2 months and in 150 mM NaCl for up 

to 7 days. Small nanoparticles (~2 nm) without a surface plasmon signal were more 
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sensitive, degrading after 24 hours in pH 8 solutions, while larger SPR-active 

nanoparticles (~3 nm) were resistant to these conditions, implying stability is correlated 

to nanoparticle size.7  

 

Figure 3-3: a) Synthesis of water‐soluble NHC‐Au nanoparticles by direct reduction of 
molecular NHC‐Au complexes b) PAGE (Tris‐HCl/glycine) analysis of the purified 
products. c) TEM images with size histograms of the different sized NHC‐Au 
nanoparticles. UV/Vis and DLS measurements were performed in basic aqueous 
solutions. Scale bar: 20 nm in all TEM images. Adapted from Crudden et al.7 
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 While these materials have excellent properties including pH-controlled water-

solubility and enhanced aqueous stability, the only way to access them was via the 

NHC-Au complexes. I was interested in applying this NHC to 2D metal substrates to 

gain access to not just their pH tunability, as shown above, but also to manipulate the 

ester functional group post-surface deposition. Thus, I sought to synthesize the 

hydrogen carbonate salt ethyl ester precursor to this NHC. First 4-amino-3-nitrobenzoic 

acid was refluxed in ethanol with sulfuric acid overnight to obtain the ethyl ester 3-5 

(77% yield). Then the benzimidazole ring was closed using iron powder and formic acid 

to give 3-6 (53% yield). In order to avoid any potential iodide contamination, the triflate 

salt was prepared by monoisopropylating with isopropyl bromide to give the two isomers 

of 3-7 (90% yield), followed by isopropylation with isopropyl triflate to give the triflate salt 

3-8•OTf (66% yield). Interestingly, the two-step isopropylation to give the triflate salt 

gave an overall higher yield than the single-step double isopropylation with isopropyl 

iodide (Scheme 3-5). (24% versus 10% overall) 

 

Scheme 3-5: Ester-functionalized NHC Synthesis 3-8•OTf. 
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 With the two different benzimidazolium salts in hand, I then attempted to convert 

the salts into the corresponding hydrogen carbonate salt for surface deposition. First the 

iodide salt was subjected to the oxidation/filtration conditions with H2O2 and CO2. This 

decomposed the iodide salt and was determined to be unsuitable for this molecule. This 

is not surprising as these conditions were shown to only be applicable for more simple 

azolium salts. Next the iodide salt was subjected to the activated hydrogen carbonate 

exchange resin, which also led to decomposition of the material and did not afford the 

desired product. Lastly, the triflate salt was subjected to the resin exchange, as our lab 

has observed this method to be general to many different counterions. Again, 

decomposition was observed in the 1H NMR spectroscopy. These results show the 

need for an alternative method for surface deposition. While the reason for 

decomposition is not known, it could be due to instability of the desired compound or 

instability to the conditions for ion exchange.  

 The free carbene method was explored for surface deposition of this molecule. At 

first I was hesitant to use KOtBu, as there is potential for transesterification of the ethyl 

ester functional group. Thus, NaOEt was examined, however this did not give complete 

conversion to the free carbene as observed in the 1H NMR spectrum. When our original 

conditions with KOtBu were employed, I observed the clean conversion to the free 

carbene with no transesterification. A solution of free carbene was used to functionalize 

gold surfaces successfully, however excess carbon was observed in the C 1s region 

around 285 eV, which is characteristic of adventitious carbon (expected C/N ratio 16:2, 

observed 29:2, Figure 3-4). While this did not offer us an air-stable route to the desired 

materials, it provided an excellent benchmark by which I could judge all future attempts 

to generate SAMs using NHC 3-8.  
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Figure 3-4: Ester-functionalized NHC 3-8@Au made via free carbene with KOtBu. 

 

 

 While I was able to get 3-8 deposited on gold, the ratio of carbon to nitrogen on 

the resulting film was not ideal. Exogenous carbon remained on the film after deposition 

and the intensity of the nitrogen 1s peak was not as strong as expected for dense NHC 

SAMs. This was the first molecule that was unsuccessful under both oxidation and resin 

exchange conditions, which challenged us to consider alternatives to creating in situ 

carbene precursors. Below I will discuss an alternative route to both of these methods to 

create NHC SAMs that requires neither the isolated hydrogen carbonate salt nor the 

free carbene. This simple method opens the door for even greater functional-group 

tolerance in substrates for surface deposition. 

3.3.3 Triflate and Tetrafluoroborate Salt Depositions 

 In early work, I examined the use of NHC iodide salts in deposition without fully 

forming the hydrogen carbonate salt by simply adding exogenous KHCO3. This attempt 

was unsuccessful, since, in early studies, I had underestimated the iodophilicity of gold, 
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and thus the resulting materials consisted of primarily SAMs of iodide. With good 

methods in hand for the preparation of triflate salts, I decided to attempt the deposition 

of the triflate salts in the presence of exogenous KHCO3, to determine whether I could 

completely circumvent the preparation of the hydrogen carbonate salts.  

 Thus, benzimidazolium triflate and KHCO3 were dissolved in methanol and 

exposed to a clean gold surface. Originally it was thought that hydrogen carbonate was 

necessary for this carbene deposition, however a control experiment in the absence of 

KHCO3 was also performed. Remarkably, in both the control and the KHCO3-containing 

experiment, surface deposition of the NHC was observed. In the XPS spectra, an 

observed ratio of 17:2 was obtained (expected ratio of C:N is 13:2) for deposition of 

NHC precursor 3-1•OTf with no added base and 22:2 for 3-1•OTf with 1 eq. of KHCO3 

present. (Figure 3-5). Importantly no fluorine was seen in either sample, indicating 

formation of the carbene on the surface with no residual triflate absorbed on the 

material. This is in direct contrast to the experiment with the iodide salt, which gave 

SAMs of iodide on gold instead of the desired NHC SAM. 
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Figure 3-5: Deposition of NHC precursor 3-1•OTf onto Au(111) via the triflate salt both 
with and without KHCO3. 
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 Although this may appear to be a simple change to our standard procedure, it 

dramatically simplifies the method since a variety of triflate salts are accessible for 

surface deposition that previously necessitated the free carbene method. To test this, a 

number of molecules that had previously proved challenging to deposit using either 

strong base or hydrogen carbonate methods were examined using the new method 

(Figure 3-6). These initial tests were performed without base as the control experiment 

suggested it was not necessary for deposition. Other non-iodide counter ions were also 

explored. Bromide gave large amounts of contamination of bromine on the surface, 

which is consistent with the results for iodide-containing salts, which produced large 

amounts of iodine on the surface. Interestingly, tetrafluoroborate NHCs 3-10, 3-11, and 

3-12 deposited with no added base, giving similar results as NHCs with triflate, with no 

fluorine present in the samples and good levels of surface functionalization. This implies 

that any benzimidazolium salt with a non-coordinating counterion could be readily 

deposited on gold. Interestingly, when ester 3-8 was deposited without base it gave a 

surface with high levels of adventitious carbon present. However with 1 eq. of KHCO3 

added the level of adventitious carbon dropped dramatically and the C:N ratio improved. 

Several other types of NHCs were tested such as chiral samples 3-9 and 3-10 and the 

mesoionic NHC 3-12, which had by far the larger nitrogen signal in the XPS. 
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Figure 3-6: XPS results of various triflate and tetrafluoroborate NHC precursor salts 
deposited on gold. *3-8•OTf deposited without base gave a C:N ratio of 86.2, and with 1 
eq. of base, 26:2. 
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order to have an electrochemical tag on the surface and in other cases a Fe2+/Fe3+ 

redox couple was used in solution. Below I will discuss these studies in more detail. 

 The non-alkylated NHC 3-1, alkylated 12-chain NHC 3-2, and ester 

functionalized NHC 3-8 were chosen to be examined electrochemically. SAMs were 

prepared by immersing clean gold electrodes (polycrystalline) in a 10 mM solution of the 

desired triflate salt for 24 h with no addition of base. Then the electrodes were washed 

thoroughly to afford our desired material. These SAMs were then placed in an 

electrochemical cell with 5 mM K4Fe(CN)6/5 mM K3Fe(CN)6 and 1 M NaClO4 as a 

supporting electrolyte. Cyclic voltammetry (CV) was performed for 2 cycles at 100 mV/s 

from -0.1 to 0.6 V (Figure 3-7). In the triflate series, the long alkyl derivative 3-2 was the 

most effective at blocking the current on the gold electrodes. The unfunctionalized NHC 

3-1 performed the poorest and the ester functionalized NHC 3-8 fell between the two 

(Figure 3-7). This result is expected as the long alkyl chain could form an aliphatic 

‘blanket’ above the SAM to prevent electrons from efficiently moving between the 

electrode and the solution. Interestingly, when the unfunctionalized triflate salt is 

compared to the hydrogen carbonate salt of the same carbene, the SAM prepared by 

the hydrogen carbonate salt method appears to block electric charge significantly better. 

As these two molecules would produce the same NHC SAM on gold a direct 

comparison between the two can be made. When the hydrogen carbonate salt is 

deposited alone it results in a higher packing density than the triflate salt, although the 

amount of blocking cannot be correlated directly. This is because small holes in a given 

monolayer can permit tunneling of charge to the electrode which causes an 

underestimation of surface density. An electrochemical tag, such as ferrocene, is 

required to accurately measure surface density of the SAMs on the electrode. The 

addition of KHCO3 to triflate salt deposition therefore appears necessary to obtain high 

quality NHC SAMs on the same time scale for this monomer, although further work 

needs to be done in this area. 
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Figure 3-7: CV of key NHC precursor triflate salts on gold electrodes. Supporting 
electrolyte of 5 mM K4Fe(CN)6 / 5 mM K3Fe(CN)6 and 1 M NaClO4. Pt counter electrode 
and Ag/AgCl reference electrode. Scan rate of 100 mV/s. All NHCs deposited from 10 
mM solutions for either 24 or 48 h. Done in duplicate. 

 

 

3.3.4.1 Electrochemical Blocking Ability of NHC SAMs on Gold Electrodes 

 To determine the rate of film formation on clean gold electrodes, CV curves were 

collected at intermittent times during the 24 hour surface deposition. As the position of 

the oxidative peak at maximum current is used as a benchmark in these studies, it is 

important to note that a shift will occur as increasing amounts of NHC is successfully 

deposited on gold. In other words, the maximum current at 1 hour immersion will be at a 

slightly different potential than at 24 hour immersion. Therefore, while this experiment 

cannot give accurate rate constants of the deposition process, it does give us a rough 

idea of how quickly films form that can block the background gold signal in the CV. In 

addition, as previously noted electrochemical blocking may not correlate directly with 

the percentage of a monolayer deposited since the electrochemical response may not 

be linear with coating, if the coating is deposited in patches. Electrochemical charge 

could tunnel through breaks in these patches and make it appear as if less surface 

ligand is present than actually is. In order to deal with both of these challenges, a 

collaboration was initiated with the Birss group from the University of Calgary, who 
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specialize in electrochemistry, in order to find new and better ways to measure kinetics 

of film deposition using electrochemistry.  

 I was interested in comparing the deposition of 3-2•OTf both with and without 1 

eq. of KHCO3 present. Thus, CV was performed and current measured at different time 

points during the deposition and compared (Figure 3-8). As expected the conditions with 

base did give an electrochemically-blocked film faster than without KHCO3 present. 

However, this effect was relatively minor and after 4 hours of deposition, both films have 

approximately the same blocking effects and therefore coverage. With this result as well 

as the XPS results in Figure 3-5 I chose to not include KHCO3 in the deposition of 

triflate and tetrafluoroborate salts on gold. 

 
Figure 3-8: Current suppression of gold with NHC 3-2•OTf SAMs deposited with or 
without base. Done in duplicate. 

 

 

 When comparing different carbenes for surface deposition, the rate and extent 

with which each carbene can block electrochemical charge from the gold surface varies 

significantly. I prepared NHC SAMs from several precursors without base and 

performed CV and measured current at different times during the deposition (Figure 3-

9). The slowest was found to be ester functionalized substrate 3-8. This monomer 

seems particularly sensitive to the absence of base during deposition, as observed 

previously with its XPS results, therefore it is unsurprising that without base, mostly bare 
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gold is observed. Interestingly, the quickest to form a charge-blocking film are the 

triazolylidene derivatives 3-12 and 3-14. When originally considering carbenes to test, I 

predicted that this class of molecules would deposit more slowly due to an increase in 

the pKa, which is ~24 for the 1,2,3-triazolium precursor and ~21 for normal carbene 

precursors.35 However, it is possible that the stronger donor properties of these 

carbenes to metals compared with benzimidazolylidene carbenes affects the kinetics of 

deposition.35-36 The abnormal NHC 3-13 performs poorly compared to the other 

abnormal carbenes 3-12 and 3-14 (Figure 3-9). This could be due to its relatively large 

wingtip group of dodecyl which would have unfavourable steric interactions with the 

electrode surface. 

 

Figure 3-9: Blocking efficiency of NHC SAM vs deposition time. All NHCs deposited 
from 10 mM solutions for either 24 or 48 h. A three-electrode cell with a Pt wire (CE) 
and a Ag/AgCl(3M KCl) (RE) was used with 5 mM K4Fe(CN)6 / 5 mM K3Fe(CN)6 present 
and 1 M NaClO4 as a supporting electrolyte. Scan rate of 100 mV/s. Current was taken 
at the potential of peak current on bare gold for each sample. Done in duplicate. 
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3.3.5 Electrochemical Stability of NHC SAMs on Gold Electrodes  

 In our group's first report of free carbene deposition of NHC SAMs on gold,5 

electrochemical stability of the films was assessed by cycling between 0.1 and 0.6 V 

with 3-2. The surface SAM effectively blocks this redox reaction from proceeding by 

preventing the Fe2+/Fe3+ in solution from reaching the electrode surface. If the NHC was 

stripped from the electrode then the Fe2+/Fe3+ redox couple reaction on the bare gold 

electrode would no longer have a barrier and would be more observable in the CV. 

Almost no change was observed in the film after 150 cycles, which is in direct contrast 

to films of dodecanethiol that showed considerable desorption, indicated by an increase 

in the current.5 Films synthesized from the same NHC (3-2) via the triflate 

benzimidazolium salt without base displayed no change in the CV after 150 cycles 

(Figure 3-10). This indicates similar stability characteristics to NHC SAMs made using 

different deposition techniques. When NHC SAMs were prepared from the unadorned 

3-1 via its triflate salt again no change in the CV was observed, indicating no change in 

SAM density as no increase or decrease in the Fe2+/Fe3+ redox reaction was observed. 

The gold signal is not as effectively blocked using this molecule due to the lack of an 

aliphatic chain to protect the surface (Figure 3-10). This blocking effect is highly 

dependent on the functional group as the alkylated derivative 3-2 significantly blocks the 

redox couple reaction from occurring while the non-alkylated derivative 3-1 does not 

block the reaction well at all in the triflate deposition.  
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Figure 3-10: CV cycling of normal NHC SAMs 3-1 and 3-2 via their respective triflate 
salts on gold electrodes A three-electrode cell with a Pt wire (CE) and a Ag/AgCl(3M 
KCl) (RE) was used with 5 mM K4Fe(CN)6 / 5 mM K3Fe(CN)6 present and 1 M NaClO4 
as a supporting electrolyte. Scan rate of 100 mV/s. Current was taken at the potential of 
peak current on bare gold for each sample. Potentials shown are vs Ag/AgCl. Done in 
duplicate. 

 

 

3.3.6 Electrochemical Annealing Abnormal NHC SAMs on Gold Electrodes  

 Interestingly, when the stability of several mesoionic NHCs was tested 

electrochemically, a change in the film was observed by CV (Figure 3-11). With longer 

cycling, less of the underlying gold peak was observed as seen by a decrease in the 

overall current, indicating a change in surface morphology. This is quite surprising as 

electrochemical annealing is not observed with the standard benzimidazolium-based 

NHCs that are frequently applied for NHC SAMs. The reason for this change is not 

currently known and is still under investigation in our lab. More NHCs must be tested for 

annealing properties in order to determine if the effect is caused by electronic 

differences of the NHCs investigated. The triazolylidene NHC 3-14 has identical alkyl 

substituents adjacent to the surface as the previous benzimidazolylidene carbenes 

-6

-4

-2

0

2

4

-0.2 0 0.2 0.4 0.6 0.8

I/
u
A

E/V	vs	Ag/AgCl

150	Cycles	of	3-2@Au

2nd	Cycle
10th	Cycle
20th	Cycle
40th	Cycle

80th	Cycle
150th	Cycle

-30

-20

-10

0

10

20

30

40

-0.2 0 0.2 0.4 0.6 0.8

I/
u
A

E/V	vs	Ag/AgCl

150	Cycles	of	3-1@Au

2nd	Cycle
10th	Cycle
20th	Cycle
40th	Cycle
80th	Cycle
150th	Cycle

OTf

N N

OTf

N N

O

CH3

11

3-1•OTf

3-2•OTf



 

 
135 

tested. This suggests annealing is caused by the change in NHC type (i.e. normal 

versus abnormal) rather than the size of the molecule. It is important to note that all 

films tested, both normal and abnormal, were produced without addition of exogenous 

KHCO3.  

 

Figure 3-11: NHC SAMs 3-12, 3-13, and 3-14 on gold. A three-electrode cell with a Pt 
wire (CE) and a Ag/AgCl(3M KCl) (RE) was used with 5 mM K4Fe(CN)6 / 5 mM 
K3Fe(CN)6 present and 1 M NaClO4 as a supporting electrolyte. Scan rate of 100 mV/s. 
Current was taken at the potential of peak current on bare gold for each sample. Done 
in duplicate. 
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3.3.7 Electrochemical Studies of Ferrocene-tagged NHC SAMs on Gold Electrodes  

 Ferrocene-tagged NHC 3-3•HCO3 has been employed by our group to determine 

surface density accurately and I was interested in exploring how this NHC and its 

derivatives behaves on the surface more in detail.5 There are several properties of our 

films that I explored using this electrochemical tag such as scan rate, characteristic CV, 

capacitance and stripping scan limit. These properties will be discussed in more detail 

below.  

3.3.7.1 Effect of Scan Rate on CV of Ferrocene-tagged NHC SAMs on Gold 
Electrodes 

  A ferrocene-tagged NHC (3-15•OTf) was deposited onto gold electrodes with the 

addition of KHCO3 (Figure 3-12). KHCO3 was added back into the procedure as some 

molecules (particularly the ester) required it for optimal deposition. This material gave a 

CV response comparable to that of SAMs of the closely related ferrocene-tagged 

hydrogen carbonate 3-3•HCO3 (Figure 3-12(a) in orange). In both cases, classical 

surface-confined traces were obtained that exhibit symmetrical peaks centered at the 

formal potential for the redox reaction associated with ferrocene.  

 When the scan rate is changed, a linear trend between the rate and peak current 

is observed with NHC 3-15•OTf (Figure 3-12 (b)). This indicates that the ferrocene is 

surface-bound and unaffected by diffusion. The peak potential change is minimal during 

these experiments, which also confirms the surface-confined property of the ferrocene 

redox reaction, as well as the high electron transfer rates across the monolayer. The 

charge transfer, ~50 μC/cm2, does not change with scan rate and is of a level that 

indicates a tightly packed monolayer of NHC 3-15•OTf on the surface of the electrode.  
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Figure 3-12: (a) Cyclic voltammetric response at 50 mV/s of 3-15•OTf (blue) and 3-
3•HCO3 (black) NHC SAMs on Au in unbuffered, non-deaerated 1 M NaClO4. The 5th 
cycle is shown here. (b) Scan rate response of 3-15•OTf and 3-3•OTf NHC SAM on Au 
in unbuffered 1 M NaClO4. (c) Shift of anodic peak potential of ferrocene-NHC SAMs on 
Au with scan rate.  

 

 

 Unsurprisingly, the electron transfer kinetics through the film for the 3-15 SAM 

are faster than those of 3-3 due to the shortening of chain length on the NHC. This is 

observed by the peak potential shift at high scan rates (Figure 3-12 (c)). An increase in 

the oxidative peak potential at ~ 500 mV/s is observed in the longer alkyl chain NHC 

SAM 3-3, whereas a scan rate of 1000 mV/s is needed for the 3-15 SAM to shift 

significantly in the oxidative potential of ferrocene. The distance between ferrocene, our 

electrochemical tag, and the surface has a known effect on electron transfer kinetics. 

This effect has been observed on thiol-based SAMs of varying chain length terminated 

with ferrocene.37 Thus our results are in line with those for alkane thiol SAMs of varying 

chain lengths on gold. 
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3.3.7.2 Capacitance of Ferrocene-tagged NHC SAMs on Gold Electrodes 

 When an electrochemical tag is tethered to the terminus of a SAM on an 

electrode, the material may have capacitator properties assuming no pinholes are 

present in the monolayer. The measurement of capacitance is important as it is another 

factor which indicates the ability of a film to transfer charge to and from the electrode. 

Thus, a film with low capacitance has high charge-transfer resistance and is a good 

insulator of the electrode, and thus is desirable for applications where insulation of an 

electrode surface is required to prevent charge leakage. Capacitance, or the ability for a 

material to store electric charge, of monolayers of NHC 3-15 and NHC 3-3 show a trend 

that is similar to those of thiols with varying chain length. Smalley has shown that when 

the chain length of a thiol-based SAM increases, capacitance decreases in a linear 

fashion.38 The double layer capacitance, as seen in Figure 3-13, decreases compared 

to an Au control when the NHC SAM is present when calculated at 0.1 V vs Ag/AgCl. A 

potential of 0.1 V was chosen to calculate capacitance from as it was sufficiently far 

enough from the Fe2+/Fe3+ peaks and the end of the potential window. The shorter alkyl 

Fc 3-15 SAM has a larger capacitance than the longer alkyl chain 3-3, which is due to 

the shorter chain rather than any alteration in the dielectric constant of the SAM. This 

again is in line with previous results of Smalley et al. in their study on thiol-based Fc 

SAMs with various chain lengths.38 While this trend is similar to thiols, the capacitance 

is quite higher. For a 12-carbon length alkyl thiol-based SAM with a ferrocene tag the 

capacitance (μF/cm2) was calculated to be 0.3, while for our NHC SAM 3-3 with a 12-

carbon chain with a ferrocene tag the capacitance was calculated to be 11.3 ± 1.3. This 

indicates that the thiol-based SAM is more effective at blocking charge transfer between 

the surface and the ferrocene group.38 This could be due to a change in SAM density 

(thiol SAMs are more dense) or other factors.  
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Figure 3-13: Calculated capacitance (μF/cm2), using the current measured in the CV at 
0.1 V and a 10 mV window, for NHC SAMs compared to clean Au, obtained from CVs in 
Figure 3-12a. Error bars represent the standard deviation over three replicates.  

 

 

3.3.7.3 Electrochemical Stripping Potential of Ferrocene-tagged NHC SAMs on 
Gold Electrodes 

 The reductive electrochemical stability, or stripping potential, of both Ferrocene 

derivatives (3-3 and 3-15) was tested by the Birss group and found to be much larger 

than what was previously reported (Figure 3-12 b).5 As seen in Figure 3-14 b, all 

materials tested remained on the electrode below -1 V vs Ag/Agl in 1M NaClO4 with no 

desorption observed. Also after cycling to -1 V the CV of the NHC SAM looked similar to 

as-prepared sample of the same NHC (3-3, Figure 3-14 a) Previously, the SAMs were 

thought to desorb from the surface under mild cathodic potentials (-0.4 V vs Ag/AgCl),5 

however it appears that NHCs deposited in the manner described in this thesis have a 

2V window of stability, which is incredibly high for a gold-based SAM. This is 

determined by the retention of > 50 % of ferrocene charge (~ 25 μC/cm2) compared to 

an as-synthesized SAM that has not yet been stripped (ex: Figure 3-14 a blue). These 

results indicate an incredible improvement over the stability of previous generations of 

these NHC SAMs and indicate that stability was previously underestimated. This is of 

importance since the potential electrochemical applications that these materials can be 

applied to is inherently larger as well.  
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Figure 3-14: (a) CVs (50 mV/s) of a 3-3 NHC before and after a linear scan to -1 V vs 
Ag/AgCl. (b) Calculated charge from ferrocene redox as a function of the potential limits 
of the CVs for the 3-3 and 3-15. 

 

 

3.4 Conclusions 

 In conclusion, several methods have been explored as alternatives to generating 

NHC-based monolayers on metal substrates. Each method for film deposition has its 

pros and cons. Currently the most well understood method uses the free carbene, which 

is generated before deposition. This has been shown to give high quality SAMs with 

high stability.5 However one major drawback from this method is the dry environment 

and strong base required to first generate the free carbene prior to deposition. A 

filtration is also necessary to remove salt biproducts from the reaction. The other two 

methods of deposition explored eliminated these concerns as the carbene was 

generated in situ. The in situ deposition of azolium salts are hydrogen carbonate 

azolium salts made via a hydrogen carbonate exchange resin was able to produce 

highly ordered and stable SAMs in HPLC methanol.6 Many functional groups such as 

azides and ethers were tolerated on the carbene precursor using this method. Also 

these precursor salts are able to be vapour deposited onto metal surfaces, which was 

not possible with the free carbene. However, an additional step of resin exchange was 

necessary for these salts and this step was not tolerant to functional groups such as 

esters. The last method explored for deposition in situ involved non-coordinating 
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counterion azolium salts, such as triflate and tetrafluoroborate, either with or without 

exogenous KHCO3. This method both gave NHC-based SAMs on gold as confirmed by 

both XPS analysis and cyclic voltametry. XPS analysis and electrochemical 

measurements of triflate azolium deposition show similar functionalization with and 

without base for some monomers (3-1) and vastly better results with base for others (3-

8). This effect will need to be explored more in the future. Electrochemical 

measurements of films prepared from 3-2 with and without base show slightly better 

rate of deposition with base present, however this effect is marginal and after 4 hours 

the films have the same properties. Functional group tolerance is enhanced when no 

ion exchange is necessary, which makes the use of non-coordinating counterions in 

conjunction with KHCO3 for deposition currently the best route for making this class of 

materials. The kinetics of how these NHC films are deposited via hydrogen carbonate 

salts and triflate salts with or without exogenous KHCO3 are currently being explored in 

depth using electrochemistry in collaboration with the Birss group and using SPR in 

collaboration with the Loock group.  

3.5 Experimental  

3.5.1 General Considerations 

 Solvents were used without purification except where stated. Anhydrous DMSO 

was purchased from EMT Chemicals Inc. in a DriSolv® container. Anhydrous pyridine 

and isopropanol were purchased from Sigma Aldrich and used as received. 

Triethylamine and DCM were distilled over CaH2 before use. THF and pentane were 

distilled from sodium metal/benzophenone ketyl before use. All other chemicals were 

purchased from Sigma Aldrich, Oakwood Chemicals or Acros Organics and used as 

received unless otherwise indicated. Reactions requiring an inert atmosphere were 

carried out in a nitrogen-filled glovebox (M. Braun) with oxygen and water levels ≤2 

ppm. All electrochemical measurements were performed with three-electrode 

configuration electrochemical cell. A reference electrode (Ag/AgCl/3.0 M KCl), a 

platinum counter electrode and a salt bridge were used for all the experiments. The salt 

bridge was filled with agar solution, prepared by dissolving 2 grams of agar and 10.1 g 

KNO3 in 100 mL of water. Alumina powders (0.3 µm and 0.05 µm, respectively) were 
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obtained from Allied High Tech Products Inc. (Compton, CA). The gold silicon wafers 

were fabricated at Western Nanofabrication Facility (London, ON). 100 nm of gold was 

deposited on silicon wafers with 10 nm of titanium as the adhesion layer. CHI101 gold 

electrodes (2 mm in diameter) were obtained from CH Instrument (Austin, TX). All 

reagents were used as received with no further modification unless otherwise stated 

within the manuscript. Milli-Q water was used throughout this study for all 

electrochemistry purposes including sample preparation and washing. 

3.5.2 Instrumentation 
1H and 13C NMR, spectra were recorded on Bruker Avance-300.13, 400.13, 500.28, 

600.16, or 700.40 MHz spectrometers. Chemical shifts are reported in delta (δ) units, 

expressed in parts per million (ppm) downfield from tetramethylsilane, using residual 

protonated solvent as an internal standard (1H NMR CDCl3: 7.26, CD3OD: 3.31 ppm, 

DMSO-d6: 2.50, CD3CN: 1.94 ppm; 13C NMR CDCl3: 77.16, CD3OD: 49.00, DMSO-d6: 

39.52, CD3CN: 118.26 ppm). All 2D spectra (gs-COSY, gs-HSQC, gs- HMBC) were 

acquired in the phase-sensitive mode. All data were acquired, processed, and displayed 

using BrukerXWinNMR and MestReNova software and a standard pulse-sequence 

library. All measurements were carried out at 298 K. High-resolution mass spectra 

(HRMS) were acquired on either a Micromass GCT GC-EI Time-of-Flight mass 

spectrometer using EI fragmentation or a Micromass ZQ Single Quad mass 

spectrometer using ESI fragnmentation at the Mass Spectroscopy and Proteomics Unit 

at Queen’s University, Kingston, Ontario. Elemental analyses were performed using 

Flash 2000 CHNS-O analyzer or Carlo Erba EA 1108 CHNOS Elemental Analyzer. A 

plasma cleaner (Harrick Plasma Cleaner/Sterilizer PDC-32G, Ossining, NY) was used 

to clean gold chips. XPS measurements were performed either using a Thermo 

Microlab 310F ultrahigh vacuum (UHV) surface analysis instrument using Al Kα X-rays 

(1486.6 eV) or Mg Kα (1253.4 eV) at 15 kV anode potential and 20 mA emission current 

with a surface/detector take off angle of 75° or using a Kratos Analytical AXIS Nova 

XPS instrument using Al Kα X-rays (1486.6 eV) at 15 kV anode potential and 10 mA 

emission current with a 180° hemispherical analyser and automatic charge 

neutralisation. The binding energies of all spectra were calibrated to the Au 4f line at 

84.0 eV. A Shirley algorithm was used as the background subtraction method for all 
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peaks. The Powell peak-fitting algorithm was used, with peak areas normalized 

between different elements using the relative XPS sensitivity factors of Scofield.39 In 

cases where absolute peak intensities for a single element were compared between 

different samples, care was taken to ensure a standard sample size and orientation with 

respect to the X-ray source and detector within the analysis chamber. All 

electrochemical measurements were performed with either a CHI-6055e potentiostat 

(CH Instruments, Austin, TX) or a SP-300 Potentiostat from Bio-Logic, running EC-Lab 

10.44 software.  

3.5.3 Synthetic Methods 

1,3-Diisopropyl-1H-benzo[d]imidazol-3-ium iodide, 3-1•I was prepared according to a 

literature procedure by Chen et al.40 1,3-Diisopropyl-1H-benzo[d]imidazol-3-ium 

hydrogen carbonate, 3-1•HCO3, 1,3-diisopropyl-1H-benzo[d]imidazol-3-ium 

trifluoromethanesulfonate, 3-1•OTf, 5-(dodecyloxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium iodide, 3-2•I, 5-(dodecyloxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium hydrogen carbonate, 3-2•HCO3, 5-(dodecyloxy)-1,3-diisopropyl-

1H-benzo[d]imidazol-3-ium trifluoromethanesulfonate, 3-2•OTf, and 5-((12-(4-

(Ferrocenyl)-1H-1,2,3-triazol-1-yl)dodecyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-

ium hydrogen carbonate, 3-3•HCO3, were prepared according to a literature procedure 

by Crudden et al.6 5-(12-Azidododecyloxy)-1H-benzo[d]imidazole, 3-3a, was prepared 

according to a literature procedure by Crudden et al.5 5-(Ethoxycarbonyl)-1,3-

diisopropyl-1H-benzo[d]imidazol-3-ium trifluoromethanesulfonate, 3-8•OTf, was 

prepared according to a literature procedure by Crudden et al.7 (3S,7S)-3,7-Diisopropyl-

2,3,7,8-tetrahydroimidazo[4,3-b:5,1-b']bis(oxazole)-4-ium trifluoromethanesulfonate, 3-

9•OTf, was prepared according to a literature procedure by Glorius et al.41 4,5-Diphenyl-

1,3-di-o-tolyl-1H-imidazol-3-ium tetrafluoroborate, 3-10•BF4, was prepared according to 

a literature procedure by Grubbs et al.42 1,3-Bis(2,6-diisopropylphenyl)-3,4,5,6-

tetrahydropyrimidin-1-ium tetrafluoroborate, 3-11•BF4, was prepared according to a 

literature procedure by Fallis et al.43 
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3-3a 5-((6-azidohexyl)oxy)-1-isopropyl-1H-benzo[d]imidazole and 6-((6-
azidohexyl)oxy)-1-isopropyl-1H-benzo[d]imidazole 

3-3a, 5-((6-Azidohexyl)oxy)-1-isopropyl-1H-

benzo[d]imidazole and 6-((6-azidohexyl)oxy)-1-

isopropyl-1H-benzo[d]imidazole, was prepared as 

follows. First 5-((6-azidohexyl)oxy)-1H-

benzo[d]imidazole (2-3, Chapter 2, 2.453 g, 9.46 

mmol), anhydrous Cs2CO3 (1.2 eq., 3.699 g, 11.4 

mmol) and 2-bromopropane (3 eq., 2.7 mL, 28.4 mmol) were dissolved in MeCN (50 

mL), then the mixture was refluxed overnight with stirring. After cooling to RT, solvent 

was removed in vacuo. Dichloromethane was added to the residue and the resulting 

mixture was filtered by suction through a pad of Celite and washed several times with 

dichloromethane. Solvent was removed in vacuo yielding a reddish liquid, 3-3a, 1.612 g, 

(57 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 7.87 (s, 1H), 7.84 (s, 1H), 7.61 (d, J = 8.7 Hz, 1H), 

7.24 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 2.4 Hz, 1H), 6.89 (dd, J = 2.4, 8.8 Hz, 1H), 6.85 

(dd, J = 2.4, 8.8 Hz, 1H), 6.83 (d, J = 2.4 Hz, 1H), 4.5 (m, 2H), 3.96 (m, 4H), 3.21 (m, 

4H), 1.76 (m, 4H), 1.58 (m, 4H), 1.53 (d, J = 4.9 Hz, 6H), 1.52 (d, J = 4.9 Hz, 6H), 1.47 

(m, 4H), 1.41 (m, 4H) 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 155.8, 155.2, 144.7, 140.2, 139.3, 138.3, 133.7, 

127.7, 120.5, 113.2, 111.5, 110.3, 103.1, 94.5, 68.4, 68.2, 51.2, 51.1, 47.6, 47.3, 29.1, 

29.0, 28.6, 28.5, 26.4, 26.1, 25.6, 22.4, 22.3. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C16H24ON5, 302.1965; found 302.1980. 
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3-3b 5-((6-azidohexyl)oxy)-1,3-diisopropyl-1H-benzo[d]imidazol-3-ium 

trifluoromethanesulfonate 

3-3b, 5-((6-Azidohexyl)oxy)-1,3-diisopropyl-1H-

benzo[d]imidazol-3-ium trifluoromethanesulfonate, 

was synthesized by adapting a literature procedure 

for isopropyl triflation.6 First a stirred solution of 

anhydrous 2-propanol (3 eq., 0.61 mL, 8 mmol) and 

anhydrous pyridine (3 eq., 0.65 mL, 8 mmol) in dry 

dichloromethane (5 mL) at −78 °C under argon was prepared, then triflic anhydride (3 

eq., 1.34 mL, 8 mmol) was slowly added, which resulted in a formation of white 

precipitate. The reaction mixture was stirred at −78 °C for 30 minutes and then at RT for 

additional 30 minutes. Pentane (5 mL) was added to further precipitate the formed salts 

and reaction mixture was then filtered by suction through fritted filter flask to a solution 

of 3-3a (0.806 g, 2.67 mmol) in dry dichloromethane (5 mL). Reaction mixture was 

stirred under argon at −78 °C for 10 minutes and then at RT overnight. Dichloromethane 

was removed in vacuo to yield a dark brown viscous oil. The product was purified either 

by silica column chromatography (DCM-MeOH, gradient) or by trituration depending on 

the impurities to afford 3-3b, 0.9103 g, (69 % yield). 

1H NMR (600.16 MHz, CDCl3) δ: 9.68 (s, 1H), 7.63 (d, J = 9.2 Hz, 1H), 7.21 (dd, J = 9.1, 

2.2 Hz, 1H), 7.11 (d, J = 2.2 Hz, 1H), 4.94 (m, 2H), 4.06 (t, J = 6.3 Hz, 2H), 3.29 (t, J = 

6.8 Hz, 2H), 1.87 (m, 2H), 1.76 (m, 12H), 1.64 (m, 2H), 1.54 (m, 2H), 1.47 (m, 2H). 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 158.8, 138.0, 132.3, 125.0, 117.4, 114.4, 96.6, 

69.0, 52.3, 51.9, 51.3, 28.8, 26.5, 25.6, 21.8, 21.7. 

19F NMR (500.28 MHz, CDCl3) δ: -78.94 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C19H30ON5, 344.2445; found 344.2453. 
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3-3•OTf 5-(6-(4-(ferrocenyl)-1H-1,2,3-triazol1-yl)hexyloxy)-1,3-diisopropyl-

1Hbenzo[d]imidazol-3-ium trifluoromethanesulfonate 

3-3•OTf, 5-(6-(4-(Ferrocenyl)-1H-1,2,3-

triazol1-yl)hexyloxy)-1,3-diisopropyl-

1Hbenzo[d]imidazol-3-ium 

trifluoromethanesulfonate, was prepared 

as follows. First 1,3-Diisopropyl-5-(12- 

(azido)dodecyloxy)-benzo[d]imidazolium 

trifluoromethanesulfonate (0.1000 g, 

0.18 mmol) and ethynylferrocene 

(0.0524 g, 1.4 eq., 0.25 mmol) were 

dissolved in THF (3 mL). A s olution of CuSO4 (0.0284 g, 1 eq., 0.18 mmol) and sodium 

ascorbate (0.0705 g, 2 eq., 0.36 mmol) in water (3 mL) was then prepared and added 

dropwise to the reaction. The solution was allowed to stir at room temperature for 1 h. 

After removal of the THF under vacuum, DCM (5.5 mL) and concentrated NH3 (1.8 mL) 

were added to the solution, which was allowed to stir for a further 30 min at room 

temperature to remove all the CuI derivative trapped inside the product as [Cu(NH3)6]. 

The organic phase was washed twice with water (3 mL) and once with brine (3 mL) and 

then dried with sodium sulfate. The solvent was removed in vacuo, then the reaction 

mixture was washed with 50 mL of pentane to remove excess of ethynylferrocene and 

the product was precipitated from dichloromethane and hexane to yield an orange solid, 

3-3•OTf, 0.1046 g, (83 % yield).  

1H NMR (700.40 MHz, CDCl3) δ: 10.28 (s, 1H), 7.59 (d, J = 9.25 Hz, 1H), 7.51 (s, 1H), 

7.16 (d, J = 9.21 Hz, 1H), 7.10 (m, 1H), 4.97 (m, 2H), 4.68 (s, 2H), 4.37 (m, 2H), 4.25 

(m, 2H), 4.17 (m, 2H), 4.02 (m, 5H), 1.96 (m, 2H), 1.81 (m, 2H), 1.74 (m, 12H), 1.53 (m, 

2H), 1.41 (m, 2H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 158.7, 146.7, 138.6, 132.2, 124.9, 118.9, 117.3, 

114.4, 96.7, 73.5, 71.7, 70.1, 69.5, 68.7, 66.6, 52.2, 51.7, 50.1, 30.1, 28.7, 26.1, 25.4, 

22.03, 21.95. 

19F NMR (500.28 MHz, CDCl3) δ: -78.81 

TOF HRMS (ESI+) m/z: [M]+ calc’d. for C31H40OFeN5, 554.2582; found 554.2582.  
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3-5 ethyl 4-amino-3-nitrobenzoate 

3-5, Ethyl 4-amino-3-nitrobenzoate, was prepared as follows. First 

0.182 g of 4-amino-3-nitrobenzoic acid (1 mmol) was dissolved in 5 

mL of ethanol. Then 0.15 mL of concentrated sulfuric acid was 

added to the solution dropwise. The reaction was refluxed for 1 h 

then the temperature was lowered to 60 °C and stirred for 18 h. The 

reaction was cooled and the ethanol was removed in vacuo. Then the product was 

partitioned between ethyl acetate and a 2M sodium hydroxide solution. The organic 

layer was isolated and washed with deionized water. The solvent was removed in vacuo 

to give a bright yellow solid, 3-5, 0.1608 g, (77 % yield). 

1H NMR (600.16 MHz, CDCl3) δ: 8.84 (d, J = 2.0 Hz, 1H), 7.99 (dd, J = 8.7, 1.9 Hz, 1H), 

6.83 (d, J = 8.7 Hz, 1H), 6.43 (br s, 2H), 4.36 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 

3H). 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 165.0, 147.3, 135.9, 131.5, 129.0, 119.5, 118.5, 

61.1, 14.4. 

TOF HRMS (EI+) m/z: [M]+ calc’d for, C9H10N2O4 210.0641; found 210.0650. 

3-6 ethyl 1H-benzo[d]imidazole-5-carboxylate 

3-6, Ethyl 1H-benzo[d]imidazole-5-carboxylate, was prepared as 

follows. First 1.000 g (4.75 mmol) of 3-5, 2.653 g (10 eq., 47.5 mmol) 

of iron powder, and 2.541 g (10 eq., 47.5 mmol) of ammonium 

chloride were placed in a round bottom flask. Then 55 mL of 

isopropanol was added to the flask until the starting material 

dissolved and 27 mL of formic acid (150 eq., 713 mmol) was slowly 

added. The mixture was raised to 90 °C and left stirring under Ar(g) for three hours. The 

mixture was cooled to room temperature and then the iron powder was filtered away 

and washed with 3 x 20 mL of isopropanol. All of the filtrate was collected and reduced 

under vacuum. The residue was mixed with saturated NaHCO3 until all of the remaining 

formic acid was reacted. This was then partitioned with dichloromethane and the 

organic layer was collected. The aqueous layer was subsequently washed three more 
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times with dichloromethane. The organic layer was then dried over MgSO4, filtered, and 

reduced under vacuum to give a deep orange solid, 3-6, 0.4777 g, (53% yield). 

1H NMR (400.13 MHz, CDCl3) δ: 8.43 (s, 1H), 8.25 (m, 1H), 8.04 (m, 1H), 7.70 (m, 1H), 

4.43 (m, 2H), 1.44 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (600.16 MHz, CDCl3) δ: 167.3, 143.0, 140.9, 137.7, 125.3, 124.4, 118.2, 

115.0, 61.1, 14.4. 

TOF HRMS (EI+) m/z: [M]+ calc’d for C10H10N2O2, 190.0742; found 190.0738.  

3-12a 2-azidoheptane 

3-12a, 2-Azidoheptane, was prepared as follows. First a 50 mL round bottom 

flask charged with a stir bar sodium azide (2.04 g, 31.4 mmol), 2-

bromoheptane (0.90 mL, 6.2 mmol) were dissolved in 30 mL DMF. The 

reaction mixture was refluxed for 16 h and product was extracted with 20 mL diethyl 

ether and washed with 3 x 50 mL H2O and 1 x 50 mL brine. Solvent was removed in 

vacuo and product was dried under high vacuum to afford a light yellow oil, 3-11a, 0.385 

g, (33 % yield).  

1H NMR (700.40 MHz, CDCl3) δ 3.42 (s, J = 6.5 Hz, 1H), 1.51 (m, 2H), 1.42 (m, 2H), 

1.31 (m, 4H), 1.24 (d, J = 6.5 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H). 

13C NMR (700.40 MHz, CDCl3) δ 58.2, 36.3, 31.7, 25.9, 22.7, 19.6, 14.1. 

m/z not found. 

3-12b 1-(heptan-2-yl)-4-isopropyl-1H-1,2,3-triazole 

3-12b, 1-(Heptan-2-yl)-4-isopropyl-1H-1,2,3-triazole, was 

prepared as follows. First 3-12a (0.501 g, 3.55 mmol) and 3-

Methyl-1-butyne (0.40 mL, 1.1 eq., 3.88 mmol) were placed in a 4 

dram vial with 3 mL THF. To this copper sulfate (0.113 g, 20 mol 

%, 0.705 mmol) and sodium ascorbate (0.292 g, 40 mol %, 1.47 

mmol) was added along with 3 mL of water. Reaction was stirred vigorously at ambient 

temperature for 9 h. Then 5 mL of 14% ammonium hydroxide was added and stirred for 
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one hour. Product was extracted with 3 x 50 mL DCM. Solvent was removed in vacuo 

and dried under high vacuum to give 3-12b, 0.5433 g, (73 % yield). 

1H NMR (300.13 MHz, CD3Cl) δ: 7.21 (s, 1H), 4.62 (h, J = 6.8 Hz, 1H), 3.09 (hept, J = 

7.0 Hz, 1H), 1.94 – 1.70 (m, 2H), 1.52 (d, J = 6.8 Hz, 3H), 1.30 (d, J = 7.0 Hz, 6H), 1.24 

(m, 6H), 0.85 (t, J = 6.3 Hz, 3H).  

13C{1H} NMR (300.13 MHz, CD3Cl) δ: 154.4, 116.7, 57.2, 37.2, 31.3, 25.9, 25.7, 22.6, 

22.4, 21.4, 13.9. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C12H24N3, 210.1965; found 210.1961.  

3-12•BF4 1-(heptan-2-yl)-4-isopropyl-3-phenyl-1H-1,2,3-triazol-3-ium 

tetrafluoroborate 

3-12•BF4, 1-(Heptan-2-yl)-4-isopropyl-3-phenyl-1H-1,2,3-

triazol-3-ium tetrafluoroborate, was prepared as follows. First 

3-12a (0.100 g, 0.48 mmol), diphenyliodonium 

tetrafluoroborate (0.265 g, 1.5 eq., 0.72 mmol), and copper 

acetate (0.008 g, 10 mol %, mmol) were added to a dry 50 

mL Schlenk flask under argon. Then 5 mL of dry dimethylformamine was added and 

reaction mixture was stirred at 90 °C for 17 h. Solvent was removed with heat under 

high vacuum and the product was purified by silica column chromatography (10:1, 

DCM:MeOH) to afford 3-12•BF4, 0.105 g, (59 % yield) 

1H NMR (300.13 MHz, CD3Cl) δ: 8.70 (s, 1H), 7.79 – 7.63 (m, 3H), 7.61 – 7.49 (m, 2H), 

5.03 (h, J = 6.7 Hz, 1H), 3.11 (hept, J = 7.1 Hz, 1H), 2.08 (m, 2H), 1.97 (m, 2H), 1.76 (d, 

J = 6.7 Hz, 3H), 1.34 (m, 10H), 0.88 (t, J = 6.3 Hz, 3H). 

13C{1H} NMR (300.13 MHz, CD3Cl) δ: 162.6, 150.7, 133.6, 132.3, 130.4, 126.5, 126.4, 

125.8, 63.1, 36.0, 31.0, 25.3, 24.7, 22.2, 21.1, 19.8, 13.8. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C18H28N3, 286.2278; found 286.2265. 
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3-13b 1-dodecyl-3-ethyl-1H-imidazo[1,2-a]pyridine-4-ium bromide 

3-13b, 1-dodecyl-3-ethyl-1H-imidazo[1,2-a]pyridine-4-ium 

bromide, was prepared as follows. First 3-13a (0.250 g, 1.71 

mmol) was combined with 1-bromododecane (2.1 g, 5 eq., 8.55 

mmol) and MeCN in a vial and then the reaction was heated at 70 

°C overnight. The reaction was cooled and solvent was removed in vacuo. The product 

was then precipitated from diethylether and filtered to afford a white powder, 3-13b, 

0.550 g, (81 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 8.73 (dd, J = 6.9, 1.5 Hz, 1H), 8.20 (d, J = 9.2 Hz, 1H), 

8.05 (d, J = 1.4 Hz, 1H), 8.01 – 7.94 (m, 1H), 7.56 (t, J = 6.8 Hz, 1H), 4.64 (t, J = 7.4 Hz, 

2H), 3.10 (q, J = 7.5 Hz, 2H), 1.95 (apparent quin, J = 7.5, 7.0 Hz, 2H), 1.49 (t, J = 7.5 

Hz, 3H), 1.41 – 1.34 (m, 2H), 1.32 (apparent quin, J = 7.2 Hz, 2H), 1.30 – 1.24 (m, 2H), 

1.23 (m, 12H), 0.87 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 139.2, 133.7, 129.4, 127.1, 122.3, 118.1, 112.0, 

48.7, 32.2, 30.3, 29.9, 29.9, 29.8, 29.7, 29.6, 29.5, 26.9, 23.0, 17.7, 14.4, 11.2. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C21H35N2, 315.2795; found 315.2783. 

3-13•BF4 1-dodecyl-3-ethyl-1H-imidazo[1,2-a]pyridin-4-ium tetrafluoroborate 

3-13•BF4, 1-dodecyl-3-ethyl-1H-imidazo[1,2-a]pyridin-4-ium 

tetrafluoroborate, was prepared prepared as follows. First a 

stock solution of 1 mL 48 wt% tetrafluoroboric acid in diethyl 

ether, 25 mL of MilliQ water, and 25 mL of HPLC-grade MeOH 

was prepared. Then 5 mL of this solution was combined with 5 mL of Amberlyst® A-

26(OH) in a vial and stirred for 1 h. The solution was exchanged for another 5 mL of 

tetrafluoroboric acid solution and again stirred for 1 h. This was repeated until the 

solution was no longer basic. At this point the resin was washed with HPLC-grade 

methanol 3 x 10 mL to remove any traced of the stock solution. With the activated resin 

in hand 3-13b (0.0500 g, 0.09 mmol) was added to the vial and the reaction was stirred 

for 40 min. The resin was filtered away and the solvent removed to afford a sticky solid. 
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This was then titrated with 3 x 10 mL of diethyl ether to afford 3-13•BF4, 0.0193 g, (39 % 

yield). 

1H NMR (700.40 MHz, CDCl3) δ: 8.78 (d, J = 6.8 Hz, 1H), 8.09 (d, J = 9.1 Hz, 1H), 7.99 

(d, J = 8.3 Hz, 1H), 7.97 (s, 1H), 7.59 (t, J = 6.9 Hz, 1H), 4.55 (t, J = 7.3 Hz, 2H), 3.07 

(q, J = 7.5 Hz, 2H), 1.92 (apparent quin, J = 7.3 Hz, 2H), 1.46 (t, J = 7.5 Hz, 3H), 1.33 

(m, 4H), 1.30 – 1.25 (m, 4H), 1.23 (m, 10H), 0.87 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 139.2, 133.8, 129.4, 127.2, 122.0, 118.1, 111.4, 

48.2, 32.2, 30.1, 29.9, 29.9, 29.8, 29.7, 29.6, 29.4, 26.9, 22.9, 17.3, 14.4, 11.0.  

19F NMR (400.13 MHz, CDCl3) δ: -152.46 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C21H35N2, 315.2795; found 315.2783. 

3-14a 1,4-diisopropyl-1H-1,2,3-triazole 

3-14a, 1,4-diisopropyl-1H-1,2,3-triazole, was prepared as follows. 

First sodium 3-methyl-1-butyne (0.30 mL, 2.94 mmol), sodium azide 

(0.209 g, 1.1 eq., 3.23 mmol), 2-iodopropane (0.35 mL, 1.2 eq., 3.52 

mmol), and 10 mL THF were added to a 50 mL round bottom flask. A solution of CuSO4 

(0.094 g, 20 mol %, 0.59 mmol) and sodium ascorbate (232 mg, 40 mol %, 1.17 mmol) 

in 10 mL of water was then added to the reaction mixture. The reaction was stirred 

vigorously at room temperature for 16 h and extracted with DCM (3 x 50 mL). The 

solvent was removed in vacuo and dried under high vacuum to produce 3-14a, 0.0288 

g, (16 % yield).  

1H NMR (700.40 MHz, CD3Cl) δ: 7.21 (s, 1H), 4.71 (hept, J = 6.7 Hz, 1H), 3.00 (hept, J 

= 7.0 Hz, 1H), 1.48 (d, J = 7.0 Hz, 6H), 1.23 (d, J = 7.1 Hz, 6H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 154.1, 116.3, 52.4, 25.7, 22.8, 22.4. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C8H16N3, 154.1339; found 154.1334. 
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3-14b 3-benzyl-1,4-diisopropyl-1H-1,2,3-triazol-3-ium bromide 

3-14b, 3-benzyl-1,4-diisopropyl-1H-1,2,3,-triazol-3-ium bromide, 

was prepared as follows. First 3-14a (0.2000 g, 1.3 mmol) was 

placed in a pressure tube with benzyl bromide (0.78 mL, 5 eq., 6.5 

mmol) with 10 mL of MeCN and a stir bar. The tube was sealed 

and the reaction stirred for 12 h at 90 °C. The reaction was then 

cooled to room temperature and the solvent removed in vacuo. The resulting sticky 

liquid was then titrated with 3 x 10 mL diethyl ether and further dried under high vacuum 

to afford an off-white solid, 3-14b, 0.2658 g, (82 % yield). 

1H NMR (700.40 MHz, CDCl3) δ: 9.86 (s, 1H), 7.41 – 7.35 (m, 3H), 7.30 – 7.23 (m, 2H), 

5.86 (s, 2H), 5.39 (hept, J = 6.6 Hz, 2H), 3.29 (h, J = 6.5 Hz, 2H), 1.71 (d, J = 6.6 Hz, 

6H), 1.26 (d, J = 6.6 Hz, 6H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 150.2, 131.8, 129.9, 129.8, 128.9, 128.1, 58.8, 

55.5, 25.1, 22.8, 22.3. 

TOF HRMS (ESI+) m/z: [M]+ calc’d for C15H22N3, 244.1808; found 244.1806. 

3-14•BF4 3-benzyl-1,4-diisopropyl-1H-1,2,3-triazol-3-ium tetrafluoroborate 

3-14•BF4, 3-benzyl-1,4-diisopropyl-1H-1,2,3-triazol-3-ium 

tetrafluoroborate, was prepared as follows. First a stock solution 

of 1 mL 48 wt% tetrafluoroboric acid in diethyl ether, 25 mL of 

MilliQ water, and 25 mL of HPLC-grade MeOH was prepared. 

Then 5 mL of this solution was combined with 5 mL of 

Amberlyst® A-26(OH) in a vial and stirred for 1 h. The solution 

was exchanged for another 5 mL of tetrafluoroboric acid solution and again stirred for 1 

h. This was repeated until the solution was no longer basic. At this point the resin was 

washed with HPLC-grade methanol 3 x 10 mL to remove any traced of the stock 

solution. With the activated resin in hand 3-13b (0.0500 g, 0.15 mmol) was added to the 

vial and the reaction was stirred for 40 min. The resin was filtered away and the solvent 

removed to afford a sticky solid. This was then titrated with 3 x 10 mL of diethyl ether to 

afford 3-14•BF4, 0.0097 g, (19 % yield). 

N N

N

BF4

N N

N

Br



 

 
153 

1H NMR (400.13 MHz, CD2Cl2) δ: 8.50 (s, 1H), 7.59 - 7.43 (m, 3H), 7.40 - 7.21 (m, 2H), 

5.69 (s, 2H), 5.08 (m, 1H), 3.16 (m, 1H), 1.71 (d, J = 6.9 Hz, 6H), 1.28 (d, J = 6.7 Hz, 

6H). 

13C{1H} NMR (700.40 MHz, CDCl3) δ: 150.1, 131.7, 129.8, 129.7, 128.1, 127.9, 58.6, 

54.9, 24.8, 22.4, 21.7. 

19F NMR (400.13 MHz, CD2Cl2) δ: -153.26  

TOF HRMS (ESI+) m/z: [M]+ calc’d for C15H22N3, 244.1808; found 244.1801. 

Also observe: [M]+ calc’d for C15DH21N3, 245.1877; found 245.1860. 

3.5.4 Deposition of Carbenes on Gold 

3.5.4.1 Cleaning of gold surfaces  

Au(111) on mica  

Prior to functionalization the Au(111) films were cleaned by washing the films in 3 x 2 

mL of methanol, drying them under an argon gas (4.8 Praxair) stream for 1 minute, they 

were then cleaned with plasma generated from room air at a medium RF level and a 

pressure kept between 300 and 500 mtorr for 1 minute. The films were then used 

immediately for functionalization. 

 Au/Si for NHC SAM deposition and Electrochemical Cycling 

NHC films prepared for electrochemical cycling using Au/Si substrates, which were 

prepared by electron-beam deposition at a thickness of 200 nm Au on a Si wafer with 

20 nm of Ti as the adhesion layer (Nanofabrication Facility at University of Western 

Ontario). The substrates were electrochemically cleaned prior to each experiment by 

running a cyclic voltammetry immersed in a 0.5 M KOH solution between -2 V and 0 V 

for 100 cycles, followed by 0.5 M H2SO4 solutions between 0 V and +1.4 V for 100 

cycles at a scan rate of 0.5 V·s-1. The electrodes were always rinsed with deionized 

water thoroughly between steps. 

2 mm Au working electrode for NHC SAM deposition and Electrochemical Cycling 

The electrodes were first all cleaned by immersion in piranha solutions for 20 to 30 

seconds each. The piranha solution was prepared by mixing a 3:1 volume ratio of 
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concentrated sulfuric acid to hydrogen peroxide. (Piranha solution must be handled 

with extreme care.) The electrodes were rinsed thoroughly with Milli-Q water. The 

polishing of each electrode was carried out using aqueous slurries of 0.3 µm and 0.05 

µm alumina powders at 3-minute interval for each. The alumina suspension was 

cleaned off by ultrasonicating electrodes in Milli-Q water, absolute ethanol and Milli-Q 

water for 10 minutes respectively. The electrodes were then electrochemically cleaned 

by running 100 CV cycles between 0 V and 2 V at a scan rate of 0.5 V/s in a 0.5 M of 

aqueous sodium hydroxide solution followed by 100 cycles between 0 V and 1.5 V at 

the same scan rate in a 0.5 M of aqueous sulfuric acid solution. 

3.5.4.2 Preparation of NHC SAMs  

Free Carbene Method  

Self-assembled monolayers were prepared by immersion of the gold substrates in a 1 

mM solution of the corresponding free carbene was dissolved in dry toluene at RT in the 

glove box. Substrates were then rinsed in toluene (10 x 2 mL) and dried under an argon 

gas (4.8 Praxair) stream for 1 minute.  

Hydrogen carbonate Salt Method  

Self-assembled monolayers were prepared by immersion of the gold substrates in 1 to 

10 mM solutions of the corresponding benzimidazolium hydrogen carbonate salt in 

methanol for 24 hours at RT in air. Substrates then were rinsed in methanol (5 x 2 mL) 

and dried under an argon gas (4.8 Praxair) stream for 1 minute.  

Non-coordinated Anion Salt Method  

Self-assembled monolayers were prepared by immersion of the gold substrates in 1 to 

10 mM solutions of the corresponding benzimidazolium trifluoromethanesulfonate or 

tetrafluoroborate salt in methanol with or without 1 or 2 eq. of KHCO3 for 24 hours at RT 

in air. Substrates then were rinsed in methanol (5 x 2 mL) and dried under an argon gas 

(4.8 Praxair) stream for 1 minute.  

 

 



 

 
155 

3.5.5 XPS Results 

In all XPS results below the Shirley background is shown in grey and the Powel peak 

fitting shown in green, yellow, blue, and orange. The corrected area of the peaks, using 

Scoffield factors, was added together and used to obtain the observed elemental ratios.  
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3-8•BF4 deposited on Au/Si with no base 
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3-8•BF4 deposited on Au/Si with base 
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3-9•BF4 deposited on Au/Si with no base 
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3-10•BF4 deposited on Au/Si with no base 
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3-11•BF4 deposited on Au/Si with no base 

 

 

 

 

 

 

 

 

 

 

Expected	C/N	Ratio Observed	C/N	Ratio

28:2 39:2

NN

3-11@Au

410 407 405 402 400 397 395 392 390

Binding	Energy	(eV)

N	1s

695 690 685 680 675

Binding	Energy	(eV)

F	1s

296 291 286 281 276

Binding	Energy	(eV)

C	1s

Calkyl

Caryl

Ccarbene

Ncarbene



 

 
161 

3-12•BF4 deposited on Au/Si with no base 

 

 

3.5.6 Electrochemistry 

The electrolyte for all reactions consisted of 1 M NaClO4. All solutions were prepared 

using triply distilled MilliQ water. A two-compartment glass cell was utilized with the 

working electrode (WE) and counter electrode (CE) placed in one compartments and 

the reference electrode (RE) placed in the second compartment. The RE consisted of a 

Ag/AgCl(3 M KCl) electrode, to which all potentials are referenced in this work. The CE 

consisted of one of two types of electrodes. One type of electrode used consisted of Au 

sputter deposited at 100 nm thickness onto a 40 nm Ti adhesion layer on glass 

(Deposition Research Labs Inc) cut into 25 x 5 mm strips with 5-10 mm worth of EPON 

828 epoxy used to create a 5 x 5 mm area for testing with a copper clip attached to the 

gold surface. The other electrode type used was a 2 mm gold disc working electrode 

from CHI Instruments Inc. If ferrocene was not present on the NHC SAM then the CV 

electrolyte was made in a solution of 5mM K4Fe(CN)6/5mM K3Fe(CN)6 as a redox 

couple with 1 M of NaClO4 as the supporting electrolyte. 
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Chapter 4 

Conclusions and Outlook 

4.1 Conclusions and Outlook 

 The need for stable surface ligands for the robust protection and functionalization 

of metal surfaces is currently a significant challenge. Previously the most predominant 

surface ligand in this field has been thiols and their derivatives.1 Recently N-heterocyclic 

carbenes (NHCs) have been shown to provide a valuable alternative to thiols on gold, 

as well as other metals.2-4 The resulting NHC-based SAMs can be altered for many 

different applications depending on the functionalities placed on the backbone of the 

NHC. However, as seen in Chapter 2 this is often a difficult a simple task and careful 

design of the route to functionalization is often required. These multi-functional surface 

ligands functionalize gold surfaces as confirmed via XPS with functional groups such as 

triazoles, esters, ethers, azides, and simple alkyl chains. 

 Water oxidation catalysis is one area in which thiol-based SAMs would be 

completely untenable as surface ligands, due to the sensitivity of these surfaces to 

oxidation,5-7 aqueous conditions, and light.8-13 NHCs however have been shown to be 

stable to aqueous solutions, at both low and high pH, as well as to oxidation.2-3 This 

makes them ideal candidates for supporting molecular water oxidation catalysts. A 

supported molecular catalyst allows for comparison to previously studied molecular 

analogs in the solution phase prior to deposition in order to alter and optimize the 

system. The high activity of Albrecht’s molecular catalysts in the solution phase is thus 

why I modeled our tethered catalyst from their structures. In Chapter 2 of this thesis, I 

explored the use of NHC SAMs as scaffolds for molecular water oxidation catalysts on 

gold. Two approaches were taken in which the catalyst was built up either before or 

after the formation of the gold–NHC bond. Although I was eventually able to prepare 

supported catalysts by on-support methods, the off-support synthesis will be continued 

by one of my colleagues in the Crudden group. The on-support studies did illustrate 

some conditions under which the NHC–Au bond is not stable, which were not previously 

known to our group. This required different synthetic techniques in order to preserve our 
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catalyst before deposition. Once the final click reaction is completed by my colleague it 

will be deposited on gold and tested for electrochemical water oxidation.  

 One challenge in the synthesis of functionalized NHCs for surface deposition is 

that any newly installed functional group must survive the harsh conditions required to 

form the free carbene. In Chapter 3 of this thesis, this challenge was overcome by the 

development of in situ methods for ligating the carbene to gold, first by using hydrogen 

carbonate salts of the precursor and later by using salts with non-coordinating counter 

ions and exogeneous KHCO3 in the deposition. All three methods produce NHC films 

with similar surface characteristics, as evidenced by XPS analysis, stress tests and 

electrochemistry. The later method in which no anion exchange is necessary is currently 

the best method for surface functionalization as no iodide, a known contaminant of gold 

films, is present in the synthesis. This methodology also requires fewer steps relative to 

the hydrogen carbonate methodology. This route has also permitted the use of 

monomers that were previously incompatible with the hydrogen carbonate method, and 

dramatically increases the types of functionalities possible to be incorporated into these 

SAMs for various applications. 

 All materials, monomers, and monomer precursors herein have been 

characterized in full using various techniques. Further work is needed in particular to 

understand the surfaces in a variety of different aspects such as surface deposition 

kinetics, surface density, and surface morphology. This research has only been started 

in our group and is still being explored with a variety of collaborators in order to get a full 

picture of the characteristics and stability of these films. This is paramount to designing 

new and better monomers for surface functionalization and derivatization of these 

surfaces for different applications.  

 Ultimately the purpose of this thesis has been to find new ways to prepare and 

functionalize gold surfaces with NHC ligands, and specifically to attach complex 

structures and catalysts to these surfaces. Well-known molecular water oxidation 

catalysts have been tethered to NHC ligands and deposited on gold via either on or off-

support synthesis and have been shown to be active for water oxidation using both 

electrochemical oxidation techniques and sacrificial oxidants. A new method for in situ 
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functionalization of surfaces with NHCs has been found using a non-coordinating anion 

with an azolium salt and exogenous KHCO3. This has enabled more complex 

functionalities, such as a tethered water oxidation catalyst, to be included in these 

SAMs.  In the future the current generation of our immobilized water oxidation 

catalyst will be completed following the synthetic route described in Chapter 2 and this 

material will be tested for electrocatalytic activity and stability. This class of catalyst has 

also been observed to be active in a variety of other reactions such as oxidations, C−C 

bond formation, and reductive transformations as recently described in a review by 

Albrecht.14 Several of these reactions will be explored using our immobilized catalyst. I 

am also interested in tethering new and exciting complexes and biomolecules to the 

surface for a variety of applications. Click chemistry is a popular route to functionalizing 

SAMs, which is why I have utilized a surface-bound azide tether previously.15 With a 

surface-bound alkyne now in hand I can functionalize our SAMs with even more 

molecules, many of which are commercially available already.  

 Future research for our in situ NHC SAM deposition shall explore functionalizing 

different metals, for example tungsten, with our NHC SAMs with both our in situ 

methods discussed in Chapter 3 as well as our previous free carbene deposition. This 

will explore how general these film depositions will be as well as how the in situ and free 

carbene methods compare for different metals. Currently work on tungsten and cobalt 

films is being conducted in our group using the methods described in this thesis. With 

different metal surfaces naturally comes different avenues for applications of these films 

such as corrosion protection. Also the ability to functionalize non-precious metals with 

these SAMs may make these films more economical. Future work will entail the use of 

these materials for other applications in order to create new and exciting materials using 

NHC ligands on metal surfaces. 
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Appendix: Selected NMR Spectra 
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