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Chapter 4 
 

 

 

 

Anode preparation strategies for the 

electrocatalytic oxidation of water based on 

strong MWCNT/Pyr+ interactions in aqueous 

solutions. 
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4.1 Introduction 

 

In chapter 3 a covalent approach for the construction of functionalized (photo)anodes was 

discussed. The photooxidation of a NHC IrCp*Cl2 catalyst precursor by a Pt(II)-porphyrin 

molecular sensitizer co-immobilized on a FTO/TiO2 photoanode was reported. This chapter 

describes an alternative immobilization strategy based on non-covalent π-π interactions 

between a pyrene functionalized NHC IrCp*Cl2 water oxidation catalyst and the graphene-type 

surface of multi-walled carbon nanotubes (MWCNTs). CNTs in general are versatile materials 

and literature is vast.1 Since the 1991 report by Iijima on helical microtubules of graphitic 

carbon, research was initiated on CNTs leading to the implementation of single-walled carbon 

nanotubes (SWCNTs) and MWCNTs in numerous applications including photoconversion, 

electrical energy storage and other sustainable energy applications.2–4 A more detailed 

description of the beneficial role of CNTs in optoelectronic devices can be found in chapter 5. 

This chapter will focus on strategies were CNTs are used as key elements in the preparation of 

functional anodes for the electrocatalytic oxidation of H2O. Part of the proposed strategy 

includes the use of the water soluble cationic pyrene acetyl ammonium bromide 1 (figure 4.1, 

left). Reports on the application of compound 1 and related structures have been limited.5–9 The 

compound has been used as a strong fluorescent marker but also as a molecular anchor due to its 

strong interactions with graphene-type surfaces.10–12 Compound 1 (Pyr+) proved to be very 

successful in maintaining stable dispersions/solutions of carbon nanomaterials in aqueous 

systems with the pyrene moiety acting as a solvophobic anchor bound to the graphene-type 

surface through π-π interactions and the ammonium moiety acting as a solvophilic 

solubilizer.13,14 Since then, pyrene scaffold 1 has been used for the electrostatic anchoring of 

polyanionic moieties such as DNA,15 quantum dots, tetrathiafulvalene,16 and 

(metallo)porphyrins17–19 to graphene,20,21 SWCNTs, MWCNTs, or even CNHs (carbon 

nanohorns). Prato et al. showed that photoexcitation of the molecular sensitizer ZnP8-, 

electrostatically assembled with SWCNT/Pyr+ or MWCNT/Pyr+ (figure 4.1, right), results in 

long lived radical ion pairs. Within this configuration, the CNT acts as the electron acceptor and 

the assembly as a whole forms a donor-acceptor nanohybrid, with Pyr+ 1 as essential part in the 

formation of the charge separated state.17,18,22,23 The assembly was used in a strategy for the 

preparation of photoactive electrode surfaces based on molecular compounds for the conversion 

of solar energy to electrical energy.24–26 

 
 

Figure 4.1 (left) 1-(trimethylammoniumacetyl)-pyrene bromide 1 (Pyr+). (right) Formation of 

CNT/Pyr+/ZnP8- donor acceptor nanohybrid.18 
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The Prato group reported in 2011 a similar strategy for the electrostatic immobilization of 

[{Ru4O4(OH)2(H2O)4}-(γ-SiW10O36)2]
10- (figure 1.16, chapter 1) on the surface of MWCNTs. 

The assembly was drop-casted onto indium tin oxide electrodes (ITO) as a strategy for anode 

preparation used for the electrocatalytic oxidation of H2O (figure 4.2).27,28 This non-covalent 

configuration (MWCNT 4 in figure 4.2) however did not result in higher catalyst loadings 

compared to the covalent modification of MWCNTs with 2-aminoethylammonium chloride 

(MWCNT 2 in figure 4.2). Data with respect to the performance of the anodes in terms of 

observed current density using the former strategy has not been reported. 

 

 
 

Figure 4.2 (left) covalent and non-covalent functionalization of the CNT surface with cationic charges. 

(right) Electrostatic anchoring of [{Ru4O4(OH)2(H2O)4}-(γ-SiW10O36)2]
10-.27 

 

In the same year Sun et al. reported the immobilization of a pyrene functionalized 

Ru(II)(L)(pic)2 (figure 1.17, chapter 1) water oxidation catalyst onto ITO electrodes coated by 

acid-treated MWCNTs via electrophoretic deposition (figure 4.3).29 A sustained current density 

of 220 µA cm-2 was reported at 1.4 V vs NHE in 0.1 M Na2SO4 at pH 7.0. 

 

 
Figure 4.3 Immobilization of pyrene functionalized Ru(II)(L)(pic)2 onto ITO/MWCNT.29 

 

Another notable example of a molecular catalyst immobilized onto CNTs was reported three 

years later by the same group. In this experiment a dodecyl functionalized Ru(pdc)(pic)3 was 

used instead of pyrene to attach the catalyst to the MWCNT surface. This resulted in a 
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remarkable higher average current density of 840 µA cm-2, even after 15 hours of bulk 

electrolysis at an overpotential of 480 mV in a pH 7.0 phosphate buffer solution (figure 4.4). 

 

 
 

Figure 4.4 (left) Immobilization of dodecyl functionalized Ru(pdc)(pic)3 on MWCNT based anodes. 

(right) Chronoamperometric current densities of the functionalized anodes measured in a phosphate 

buffer solution at pH 7.0.30 

 

Strategies involving carbon nanotubes for the fabrication of anodes have also been reported for 

inorganic electrocatalysts using the oxides of manganese, cobalt and nickel28,31–36 and in some 

cases CNTs are active electrocatalysts themselves.37,38 Until now, there are no examples of 

molecular based iridium water oxidation catalysts that, combined with MWCNTs, provide 

stable and efficient anodes that are active in the electrocatalytic oxidation of H2O. In this 

chapter the properties of compound 1 as a dispersing agent for MWCNTs in aqueous solutions 

combined with the excellent catalytic properties of NHC IrCp*Cl2 (compound 19 in chapter 2) 

are discussed. This is realized by the direct covalent attachment of the catalyst to the pyrene 

anchor to obtain the novel catalytic precursor 3. The propyl alcohol modified pyrene anchor 2 

serves as a control when studying the adsorptive and electrocatalytic properties of 

MWCNT/Pyr+ assemblies formed in aqueous solutions. In addition, compound 4 was designed 

as an electrochemical probe to study the stability of the MWCNT/Pyr+ assemblies in operando, 

when immobilized onto FTO and DropSens (DS) based anodes, with respect to the 

electrocatalytic oxidation of H2O. 

 

 
 

Figure 4.5 Structures of bare pyrene scaffolds 1, 2 and functionalized pyrene scaffolds 3 and 4, carrying 

a NHC IrCp*Cl2 water oxidation catalyst and ferrocene probe respectively. 
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4.2 Results and Discussion 

4.2.1 Syntheses and characterization of compounds 1-4. 

 

Compound 1 (Pyr+ Br-) was readily prepared following a published procedure by introducing an 

excess of trimethylamine gas through a solution of 1-(bromoacetyl)pyrene in dry THF.10 The 

yellow precipitate formed was isolated by filtration in a quantitative yield. Alkyl dimethyl 

tertiary amines (RCH2NMe2) react readily with 1-(bromoacetyl)pyrene at room temperature as 

the α-bromine is susceptible to nucleophilic attack. The introduction of a RCH2NMe2 functional 

group to any molecular compound of interest (catalyst, sensitizer or molecular probe) therefore 

provides the synthetic strategy to readily attach the pyrene anchor in the final step. Using this 

strategy, compound 2-4 (Pyr+-OH Br-; Pyr+-Ir Br- and Pyr+-Fe Br-) were prepared. Compound 

2 was prepared by adding 2 equivalents of commercially available 3-dimethyl-amino-1-propanol 

to a solution of 1-(bromoacetyl)pyrene in dry THF after which the precipitate was filtered off. 

Washing with Et2O, and drying the solid in vacuum yielded a pure yellow amorphous 

compound in quantitative yield. To obtain compound 3, the NHC backbone of the IrCp*Cl2 

WOC was first functionalized with an alkyl dimethyl amine linker and attached to the pyrene 

scaffold in the final step (figure 4.6). Starting from 3-dimethylamino-1-propanol, the respective 

chloride was obtained using thionylchloride in CH2Cl2 at 0 oC. Work up after 2 hours yielded a 

white crystalline solid. Deprotection under basic conditions yielded the free amine which was 

reacted with 25 equivalents of N-methyl imidazole, solvent free at 80 oC for 24 hours. The 

large excess was needed to prevent intermolecular reaction of the free amine. A viscous ionic 

liquid appeared after washing the reaction mixture repeatedly with Et2O. Treating the ionic 

liquid with Ag2O for 16 hours in DCM yielded the silver carbene complex in situ which was 

further reacted with {IrCp*Cl2}2. 

 
 

 
Figure 4.6 Synthetic route towards pyrene functionalized catalyst 3: (i) 1.0 eq. SOCl2, DCM, 0 oC, 2 h 

(ii) K2CO3, H2O, r.t., 1 h. (iii) 25 eq. imidazole, 80 oC, 24 h. (iv) Ag2O, DCM, r.t., 24 h. (v) 

(bromoacetyl)pyrene, THF. 
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The dimethyl amine functionalized NHC IrCp*Cl2 turned out to be very hygroscopic making it 

difficult to characterize. Instead, the isolated hygroscopic product was directly dissolved in 

anhydrous THF. Addition of 1-(bromoacetyl)pyrene to the solution yielded compound 3 as it 

precipitated from solution and therefore was filtered off as a yellow amorphous compound. 

Compound 4 was readily prepared by reacting commercially available (dimethylaminomethyl) 

ferrocene with 1-bromoacetyl pyrene under similar reaction conditions to provide compound 4 

in a quantitative yield. The 1H-NMR of compound 3 dissolved in deuterated DMSO shows a 

complex splitting pattern in contrast to compound 1, 2 and 4 which is attributed to steric 

hindrance caused by the methyl groups on the Cp* moiety of the IrCl2 complex (see supporting 

information 4.5.1). 

 

Compounds 1-4 were poorly soluble in a variety of organic solvents, however, anion exchange 

with PF6
- greatly improved the solubility of 2 and 3 in acetone. Anion exchange is desirable as 

the presence of Br- could interfere when studying the electrocatalytic properties of 3 with 

respect to the oxidation of H2O, as Br- is easily oxidized at a potential of 1.07 V vs NHE. Anion 

exchange was achieved by dissolving the respective Pyr+ Br- compounds in DMSO followed by 

stirring and slow addition of a saturated KPF6 solution in H2O after which the resulting yellow 

precipitate was filtered off. In contrast to the bromide salts, the PF6
- salts of compound 2 and 3 

were insoluble in H2O. Needle like crystals of Pyr+-OH PF6
- 2 and Pyr+-Ir PF6

- 3 were grown 

by carefully layering pentane on top of a concentrated solution of the respective compound in 

acetone. For compound 2 the molecular structure was confirmed, with two independent 

molecules in the unit cell showing a slightly different conformation, explaining the space group 

(figure 4.7). 

 

 
 

 

Figure 4.7 (left) Crystal structure showing the two conformers of compound 2, (right) superimposed 

picture showing the observed conformational differences. 
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The solid state structure of compound 3 shows an iridium center with one coordinated DMSO 

solvent molecule and a coordinated halogen atom. Substitutional disorder indicates that the 

halogen is a mixture of chlorine and bromine in an approximate ratio of 1:1 (figure 4.8). The 

halogen exchange between coordinated chlorine and the bromine counter ion probably 

occurred once 3 was dissolved in DMSO. The anion exchange with PF6
- does not lead to a 

complete removal of the bromine anion via this route. 

 

 
Figure 4.8 Crystal structure of 3, PF6

- counter ions not shown for clarity. 

 

Comparison of bond lengths and angles of the catalytic center in 3 compared to the catalytic 

center in unmodified NHC IrCp*Cl2 (compound 19 in chapter 2) and trimethoxysilane modified 

NHC IrCp*Cl2 (compound 2 in chapter 3) in their solid state reveals that modification of the 

NHC backbone does not induce significant changes in the geometry of the catalytic center (table 

4.1). 

 

Table 4.1 Comparison of selected bond lengths and bond angles. 

 NHC-Ir39 trimethoxysilane NHC-Ir (2 in chapter 3) Pyr+-Ir (3) 

Ir1-Cl1 (Å) 2.44 2.43 2.42 

Ir1-C1 (Å) 2.06 2.04 2.06 

Cl1-Ir-C1 (˚) 92.7 91.9 90.9 
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Compound 3 was reacted with cerium ammonium nitrate (CAN) to evaluate the catalytic 

properties with respect to the oxidation of H2O. Oxygen evolution curves where obtained using 

a Clark-type electrode. 130 µM 3 in 0.1 M HNO3 at pH 1 was reacted with 50 mM CAN and 

compared to 2, exposed to the same experimental conditions (figure 4.9, left panel). After an 

induction period of 10 seconds, O2 formation is detected for 3 and is absent for 2. Stopped-flow 

techniques and analysis of Pyr+-Ir 3 using the RPKA methodology as described in chapter 2 and 

3 could not be employed. Low solubility of 3 in water resulted in turbid solutions and a poor 

reproducibility of the kinetic data. As such, a qualitative study of the influence of the pyrene 

moiety on the catalytic properties of 3 has not been performed. However, a trend can be 

observed when diluted concentrations of 3 are reacted with 1.5 mM CAN. It is observed that 

higher concentrations of 3 results in lower amounts of total produced O2 and a clear induction 

period is present preceding O2 formation (right panel, figure 4.9). It is assumed that a 

significant amount of Ce4+ is consumed in the oxidative decomposition of the (pyrene) ligand 

framework or oxidation of the bromide anions. The sudden halt in oxygen formation is 

therefore ascribed to depletion of Ce4+ rather than catalyst deactivation. The experiments 

suggest that the catalytic activity of the iridium center in compound 3 is retained compared to 

the parent iridium complex. 
 

  
Figure 4.9 (left) 130 µM 3 and 2 respectively with 50 mM CAN in 0.1 M HNO3; (right) 5-20 µM 3 

with 1.5 mM CAN in 0.1 M HNO3. 

 

4.2.2 Assessment of Pyr+ Br- 2-4 for their electrocatalytic activity using DropSens® anodes. 

 

Electrochemical measurements were performed for Pyr+ Br- compounds 2-4 dissolved in 

MeCN to study the potential window in which the organic framework is stable. It was found for 

all compounds that oxidation of the pyrene moiety occurs around 1.4 V vs NHE (see supporting 

information 4.5.2). To study compound 3 with respect to the electrocatalytic oxidation of H2O 

in comparison to compound 2, anodes were prepared by loading either compound 2 or 3 onto 

commercially available screenprinted DropSens (DS) electrodes (see inset in figure 4.10). The 

DS electrodes are utilized with a multi-walled carbon nanotube electroactive surface area 

(EASA) serving as the working electrode, so the interactions of compounds 2-4 with the 
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MWCNT surface can be explored (see experimental section for more details on the setup). 

Figure 4.10 shows the I-V curves of a typical experiment. First a DS electrode was used in a 

blank measurement using an 0.1 M phosphate buffer solution at pH 2.0. After rinsing with 

demineralized water and drying, the same DS anode was loaded by drop casting either 30 µL 

(figure 4.10, left) or 100 µL (figure 4.10, right) of an 0.2 mM 2 solution in MeCN, onto the 

electro active surface area of the DS and sweeping the potential to 1.8 V vs NHE. 
 

  
Figure 4.10 (left) 30 µL and (right) 100 µL 0.2 mM 2 in MeCN dropcasted onto a DS electrode. 

 

After the first anodic scan, two irreversible oxidation waves are observed with an onset 

potential of 1.09 V and 1.37 V vs NHE corresponding approximately to the oxidation potentials 

of the Br- anion and the pyrene moiety with respect to ferrocene (see supporting information 

4.5.2). Both waves decrease in intensity at sequential scanning of the DS/2 anode and a second 

reversible redox wave appears at the second and third scan with a well-defined E1/2 potential of 

0.54 V vs NHE. This feature is believed to be the degradation product of the molecular 

framework adsorbed on the electrode surface after oxidation of the pyrene moiety has 

occurred. This is related to the observed electrochemical properties of Pyr+ Br- 2 when 

measured in a MeCN solution using a glassy carbon (GC) working electrode (see figure SI 2, 

bottom right). In addition, the same feature is found for DS anodes prepared with molecular 

probe 4 used to detect the threshold potential at which molecular decomposition occurs (see 

supporting information 4.5.3 for more details). 
 

  
Figure 4.11 (left) 30 µL and (right) 100 µL 0.2 mM 3 in MeCN dropcasted onto a DS electrode. 
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In figure 4.11 the experiment is repeated for Pyr+ Br- 3. In the right panel the oxidation feature 

at 1.37 V vs NHE is overlapped by a feature evident for a catalytic wave related to the 

electrocatalytic oxidation of H2O with a current density of 4.9 mA/cm2 at 1.8 V vs NHE. 

 

The same feature at an E1/2 potential of 0.54 V vs NHE after the initial anodic sweep, also grows 

in intensity for DS/3 upon sequential scanning (see inset in figure 4.11, right) while the total 

current density at 1.8 V vs NHE decreases. As the bromide salt of compound 3 is moderately 

soluble in H2O the possibility exists that desorption of 3 occurs from the DS anode during the 

experiment. For this, a DS anode drop casted with 30 µL 0.2 mM 3 was submerged in an 0.1 M 

phosphate buffer solution for 60 minutes prior to the first anodic sweep. Figure 4.12 shows that 

no desorption has occurred within 60 minutes, as no significant decrease in current density is 

observed at the initial scan compared to the initial scan shown in the left panel of figure 4.11. 

This concludes that the decrease in intensity as observed in figure 4.11 is not due to direct 

desorption of the catalytic precursor, however, could be due to degradation of the Pyr+ anchor 

at high anodic potentials followed by desorption of degradation products of compound 3. 

However, catalyst deactivation or leaching of activated (higher oxidized) iridium species cannot 

be ruled out at this point. 

 

 
 

Figure 4.12 30 µL 0.2 mM 3 in MeCN dropcasted onto DS electrode and submerged in 0.1 M 

phosphate buffer solution for 60 minutes before measurement. 

 

The absence of desorption of catalytic precursor 3 from the DS anode indicates that the 

molecular precursor remains attached to the DS/MWCNT electro active surface. In addition, 

experiments performed with electrochemical probe 4 showed that spontaneous adsorption of 

the Pyr+ moiety to the MWCNT surface occurs when a blank DS anode was submerged 

overnight in an 0.2 mM aqueous solution of 4 (see supporting information 4.5.3 for more 

information). Both experiments point towards a strong interaction of the Pyr+ moiety with the 

DS/MWCNT surface in an aqueous environment. 
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4.2.3 Adsorption equilibria of MWCNT/Pyr+ assemblies in aqueous media. 

 
Based on the preliminary results presented in section 4.2.2, a strategy was devised to construct 

FTO based anodes for the electrolytic splitting of H2O using aqueous dispersions of 

MWCNT/Pyr+ assemblies. For Pyr+ Br- 1, the strong adsorptive properties to graphene-type 

surfaces are known (see introductory section 4.1). However, a quantitative study on the 

maximum adsorption capacity of the Pyr+ anchor onto the MWCNT surface is lacking. In 

addition, the adsorption equilibrium of the Pyr+ moiety with respect to the formation of 

MWCNT/Pyr+ assemblies is of importance as a shift in equilibrium upon changing the chemical 

environment would disrupt the MWCNT/Pyr+ assembly, potentially leading to poor anode 

performance. 

 

  

  
Figure 4.13 Absorbtion spectra of samples taken after addition of 5 mg MWCNTs from (topleft) 5 mL 

0.2 mM 1 at t = 0 h, 24 h and after substitution of the supernatant at t = 24 h with 5 mL MeOH, H2O, 

0.1 M Na2SO4 or (topright) 0.2 mM 1; (bottomleft) 5 mL 0.2 mM 2 at t = 0 h, 24 h and after 

substitution of the supernatant at t = 24 h with (bottomright) 5 mL 0.2 mM 2. 

 

The top left panel of figure 4.13 shows a straightforward adsorption experiment where a vial 

was loaded with 5 mL of a bright yellow 0.2 mM solution of 1 in demineralized H2O (UV-VIS 

absorption spectrum of the starting solution indicated by ), after which 5 mg of commercially 

available MWCNTs were added to the solution under continuous stirring. After 24 hours the 

vial was centrifuged and another UV-VIS absorption spectrum of the supernatant was recorded 
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(indicated by ). This difference in absorption shows that 1 was nearly quantitatively removed 

from solution. In follow up experiments, after the adsorption period of 24 hours, the 

supernatant was substituted by either 5 mL demineralized H2O, MeOH, 0.1 M Na2SO4 (figure 

4.13, top-left) or 0.2 mM 1 (figure 4.13, top-right) after which stirring was continued. After 

24 hours another UV-VIS absorption spectrum was recorded of the respective supernatants to 

detect if shifting the equilibrium had occurred upon changing the chemical environment. It was 

observed that only minor desorption of 1 had occurred back into the H2O solution indicating 

that in aqueous environments the equilibrium lies far to the right and the interaction between 

the Pyr+ moiety and the MWCNT surface is strong. No desorption had occurred after the same 

time period in the case for 0.1 M Na2SO4. This indicates that increase in the ionic strength of 

the supernatant solution does not shift the equilibrium. 

 

When MeOH was added, a major shift in the equilibrium was observed indicated by a rapid 

yellow coloration of the supernatant. The UV-VIS spectra shows that a desorption of almost 

75% of Pyr+ Br- 1 back in solution had occurred after 1 hour (figure 4.13, top-left). 

Substitution with an 0.2 mM solution of 1 resulted in additional adsorption of 1 from solution 

to the MWCNT surface (figure 4.13, top-right). The decrease in UV-VIS intensity of the 

supernatant is not quantitatively indicating that probably a maximum loading of Pyr+ Br- 1 on 

the MWCNT surface has been reached. In the case for the propyl alcohol modified pyrene Pyr+ 

Br- 2 (figure 4.13, bottom-left and bottom-right) and the WOC modified pyrene Pyr+ Br- 3 

(vide infra) similar adsorption properties were obtained. When either a phosphate buffer 

solution (pH 2.1) or an acetate buffer solution (pH 4.7) is used, to resemble the chemical 

environment under electrocatalytic conditions, no significant changes are observed in the 

equilibrium/maximum loading capacity (see figure SI 6). The maximum loading reached 

corresponds to a total loading of approximately 0.25 mmol Pyr+ / g MWCNT, which is 

unaffected by changes in pH or ionic strength in the case of aqueous solutions yet strongly shifts 

in MeOH solutions. 

 

Based on these observations, a standard condition of 5 mg MWCNTs in the presence of 5 mL 

0.2 mM Pyr+ was strategically selected in the preparation of MWCNT/Pyr+ assemblies 

(approach A, vide infra). This is to minimalize non-adsorbed Pyr+ in solution, which could be 

present in the supernatant. After substitution of the supernatant with 5 mL fresh H2O at typical 

adsorption periods of 24 hours, stable black turbid dispersions of MWCNT/Pyr+ assemblies 

(figure 4.16, left) were obtained for Pyr+ Br- 2-4, respectively, upon ultrasonically stirring the 

vials for 15 minutes. The method differs from the reported approach for the preparation of 

dispersions with MWCNT/1, where relatively high concentrations of 1 are employed resulting 

in high concentrations of 1 remaining in solution after the formation of MWCNT/1 

assemblies.10 In addition, the approach described here shows that stable MWCNT dispersions in 

H2O are also formed at lower Pyr+ concentrations and when different functional groups are 

attached to the Pyr+ moiety. 
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To prove the successful immobilization of water oxidation catalyst 3 on the MWCNT surface, 

the isolated MWCNT/3 Br- assembly was reacted with cerium ammonium nitrate in the 

reaction chamber of a Clark-type electrode, similar to the experiments presented in figure 4.9. 

Rapid visible evolution of O2 was observed after addition of 1.5 mL H2O containing dispersed 

MWCNT/3 Br- assembly to 1.5 mL 50 mM CAN in 0.1 M HNO3, in contrast to untreated 

MWCNTs exposed to the same CAN concentration (figure 4.14). Dispersed MWCNT/3 

assemblies show a higher activity compared to non-dispersed MWCNT/3 assemblies, which 

were simply isolated by decantation of the supernatant prior to the ultrasonication step. 

Dispersion of the assembly probably ensures full exposure of catalytically active sites. When 

lower concentrations of CAN were employed ( in figure 4.14), no O2 formation was 

observed. This is probably because Ce3+ ions react with the graphene surface preventing them 

from activating the catalytic center in 3. The experiments demonstrate that assemblies of 3 and 

MWCNTs can be formed in aqueous solutions which, when isolated, remain catalytically active 

for the Ce4+ driven oxidation of H2O. The inertness of the adsorptive properties of the Pyr+ 

moiety to the MWCNT surface with respect to changes in pH and ionic strength of the chemical 

environment makes the assembly suitable to be applied in the construction of anodes which 

operate under acidic conditions. 

 

 
Figure 4.14 O2 evolution curves measured using a Clark-type electrode of MWCNT/3 in 0.1 M 

HNO3 at pH 1.0. 

 

4.2.4 Preparation of FTO/MWCNT/Pyr+ anodes. 

 

Two approaches were applied in the construction of FTO based anodes, differing in the 

preparation of aqueous dispersions of MWCNT/2 and MWCNT/3. Approach A is similar as 

described in the preceding section. In approach B samples were treated by adding KPF6 to the 

supernatant solution after a 3.5 hours adsorption period. Anion exchange is desirable to remove 
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the electrochemically active Br- anion for PF6
-. Figure 4.15 depicts the effect of the anion 

exchange by showing that no traces of Pyr+ in the supernatant are present after addition of 

KPF6. The low solubility of Pyr+ PF6
- in H2O, as discussed previously, probably results in 

precipitation of the compound on the MWCNT surface, yielding assemblies MWCNT/2 PF6
- 

and MWCNT/3 PF6
-. The dispersions formed after using approach A and approach B were 

drop-casted on FTO coated glass slides. 25 FTO slides (with dimensions of 0.8 x 3.0 cm) were 

rinsed and ultrasonically cleaned in acetone for 30 minutes. After drying, 100 µL of the 

respective supernatant were drop-casted on FTO # 1-25 (see table 4.2) thereby completely 

covering the exposed surface area. After drying in air for a few hours another additional layer of 

100 µL of supernatant was added to FTO # 9-24 and repeated once again for FTO # 17-24 

resulting in a three layer thick MWCNT/Pyr+ composed surface. In analogy to the experiments 

performed with the DS anodes, FTO/MWCNT/4 was prepared in a similar manner (FTO # 

25 in table 4.2) to study the stability of the MWCNT/Pyr+ assemblies on the FTO surface. 

 

  
Figure 4.15 Absorbance spectra of samples taken after addition of 5 mg MWCNTs to (left) 0.2 mM 2 

at t = 0, t = 3.5 h (right) 0.2 mM 3 at t = 0, t = 3.5 with and without addition of KPF6. 

 

Table 4.2 specification of preparation of  FTO/MWCNT/Pyr+ anodes. 

FTO # 
MWCNT/2 Br- 

(µL) (A) 

MWCNT/3 Br- 

(µL) (A) 

MWCNT/2 PF6
- 

(µL) (B) 

MWCNT/3 PF6
- 

(µL) (B) 

MWCNT/4 

Br-(µL) (A) 

1-2 100 - - - - 

3-4 - 100 - - - 

5-6 - - 100 - - 

7-8 - - - 100 - 

9-10 200 - - - - 

11-12 - 200 - - - 

13-14 - - 200 - - 

15-16 - - - 200 - 

17-18 300 - - - - 

19-20 - 300 - - - 

21-22 - - 300 - - 

23-24 - - - 300 - 

25 - - - - 100 
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Immediate differences are observed between vials treated with and without KPF6. Assemblies 

treated with KPF6 were unable to form stable suspensions in demineralized H2O compared to 

the untreated assemblies (figure 4.16, left). Anion exchange to PF6
- probably results in 

deposition of the Pyr+ PF6 salt on the MWCNT surface leaving the positive ammonium moiety 

unable to act as a solvophilic solubilizer. This demonstrates the importance of the dispersing 

properties of the Pyr+ moiety in the construction of the FTO anodes as distributed transparent 

MWCNT/Pyr+ films on the FTO surface can only be realized in the case for dispersions 

prepared using approach A. In the case of approach B, the deposited MWCNT/Pyr+ PF6
- 

assembly quickly cracks and delaminates upon drying, as demonstrated in the right panel of 

figure 4.16. SEM analysis of the MWCNT/3 film on the FTO anode prepared using approach A 

shows the surface morphology of the material and the MWCNTs are observed as a disordered 

visually transparent film on top of the gritty bare FTO surface (figure 4.17). 

 

 
Figure 4.17 SEM analysis of the FTO/MWCNT/3 Br- anode surface (FTO # 3), 20.0 kV, 3.0 Spot 

25000x, TLD detector bar = 1 µm. 

  
Figure 4.16 (left) black stable suspension obtained for MWCNT/Pyr+ Br- 3 assembly in demineralized 

H2O and the absence of a stable suspension for MWCNT/Pyr+ PF6
-. (right) After drop-casting of the 

respective dispersions on FTO substrates delamination is readily observed for MWCNT/Pyr+ PF6
-. 

FTO/MWCNT/3 Br- 

FTO/MWCNT/3 PF6
- 
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Importantly, experiments performed with FTO/MWCNT/4 (FTO # 25) in MeCN show that 

electrochemical communication of the molecular probe present in the MWCNT/4 assembly is 

retained by showing a continuous response of the ferrocene redox couple in 4 upon successively 

sweeping the anode potential between 0.0 V and 0.6 V vs Ag for more than 50 times (see 

supporting information 4.5.5, figure SI 7). 

 

4.2.5 Assessment of FTO/MWCNT/3 anodes for the electrocatalytic oxidation of H2O. 
 

The performance of the anodes was investigated using cyclic voltammetry in a three electrode 

configuration. The prepared anodes as described in table 4.2 were applied directly as working 

electrodes with ~1.2 cm2 (0.8 cm x 1.5 cm) of the surface area immersed in an 0.1 M 

phosphate buffer solution at pH 2.1. A platinum coil was used as the counter electrode and 

Ag/AgCl (3 M KCl) was used as the reference electrode (see experimental section for more 

details). The data obtained for FTO 21 and FTO 23 prepared using approach B show a large 

capacitance build-up of charge which is attributed to non-faradaic processes due to movement of 

electrolyte ions or reorientation of solvent molecules around the MWCNT/electrolyte 

interface. No indication for faradaic electron transfer occurring from the Pyr+ moiety of 2 and 3 

can be distinguished. The overall quality of the electrodes is very poor and the MWCNT/Pyr+ 

PF6
- loading could not be controlled well (figure 4.16, right). 

 

  
Figure 4.18 A ≈ 1.2 cm2 at scanspeed 0.1 V s-1 in 0.1 M aqueous NaH2PO4/H3PO4 at pH 2.1. 

 

Figure 4.19 depicts the electrochemical properties for FTO/MWCNT/2 and FTO/ 

MWCNT/3 prepared using approach A. In contrast to approach B, the non-faradaic current is 

significantly reduced and in the top-left panel of figure 4.19 the onset for the oxidation of 

pyrene at ~1.4 V vs NHE, also observed in the experiments depicted in figure 4.10, is clearly 

present and the signal intensity is increased in accordance with the increase in thickness of the 

MWCNT/2 layer deposited on the FTO surface. The same experiment using FTO 18 (top-

right panel) resulted in a minor reduction in current density accompanied with a disappearance 

of the pyrene oxidation wave and the appearance of the feature with E1/2 is 0.54 V vs NHE upon 

successive scanning. This feature was previously ascribed to decomposition products formed 

once oxidation of the pyrene moiety has occurred (see figure SI 4). 
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Figure 4.19 A ≈ 1.2 cm2 at scanspeed 0.1 V s-1 in 0.1 M aqueous NaH2PO4/H3PO4 at pH 2.1. 

 

For FTO/MWCNT/3 (figure 4.19, bottom-left) a similar trend is observed with a significant 

increased current density of ~3 mA/cm2 compared to FTO/MWCNT/2 determined at 1.8 V 

vs NHE for the first scan of FTO 20 prepared with the highest layer thickness (300 µL). The 

data clearly reveals the retained molecular identity of 2 and 3 present on the MWCNT surface 

and the increased current density observed for 3 is assigned to the electrocatalytic oxidation of 

H2O. 

  

Figure 4.20 (left) A ≈ 1.2 cm2 at scanspeed 0.1 V s-1 in 0.1 M aqueous NaH2PO4/H3PO4 at pH 2.1 

(right) SEM recording of FTO/MWCNT/3 after operation. The dark area are deposited 

MWCNT/Pyr+ assemblies, the light area is bare FTO surface (20.0 kV and 1500x magnification, bar = 

10 µm). 
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Some experiments clearly show delamination upon immersion of the modified FTO anodes in 

the electrolyte solution, indicating that multiple layering of the FTO anode by simple drop 

casting is not a robust method for the preparation of functional anodes. In addition, 

delamination of the surface was detected during operation, contributing significantly to the loss 

in observed current density (figure 4.20). 

From this point forward, anodes prepared by depositing one layer (100 µL) of the respective 

dispersions are used according to table 4.2. As is clear from the experiments depicted in 

supporting information 4.5.3, scanning at higher potentials leads to decomposition at a 

molecular level. Therefore freshly prepared FTO/MWCNT/3 anodes were scanned to a 

maximum potential of 1.6 V and 1.4 V vs NHE depicted in figure 4.21 and 4.22 respectively. 

 

 
Figure 4.21 FTO/MWCNT/3 with A ≈ 0.8 cm2, 0.20-1.60 V vs NHE at 0.1 V s-1 in 0.1 M 

NaH2PO4/H3PO4 at pH 2.1. 

 

In figure 4.21, the initially high current density of 1.7 mA/cm2 rapidly decreases and the 

degradation products of 3 become apparent at 0.54 V vs NHE. In figure 4.22 the potential 

remains just below the oxidation potential of pyrene. A small decrease in the current density is 

still apparent, yet the buildup of decomposition products increases to a smaller extend as 

depicted in the right panel. 

 

  
Figure 4.22 FTO/MWCNT/3 with A ≈ 0.8 cm2, 0.20-1.40 V vs NHE at 0.1 V s-1 in 0.1 M 

NaH2PO4/H3PO4 at pH 2.1. 
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Importantly, assuming that the observed current density can be ascribed to the electrolytic 

oxidation of H2O a current density of 0.75 mA/cm2 is achieved at an overpotential of 300 mV. 

The current immobilization strategy using pyrene anchors does limit their use, as above certain 

potentials, degradation of the molecular anchor is observed. 

 

  
Figure 4.23 FTO/MWCNT/3 with A ≈ 0.8 cm2, (left) 0.20-1.80 V vs NHE (right) 

Chronoamperometric measurement using FTO/MWCNT/3 at 1.8 V vs NHE at pH 6.8. 

 

For FTO/MWCNT/3 measured in a pH 6.8 buffer solution, the same current density of 0.75 

mA/cm2 is achieved at much higher overpotentials of approximately 441 mV and 621 mV of the 

first and second potential sweep (figure 4.23). Sustained anodic polarization at 1.8 V vs NHE 

resulted in the formation of visible amounts of bubbles on the electrode surface with a steady 

current density of 2.63 mA/cm2 for 120 seconds. However, clear bubble formation was also 

observed in a control experiment where FTO/MWCNT/2 was applied as the anode at the 

same pH of 6.8. Bare FTO, however, does not produce any significant current. The results 

indicate that at pH 6.8, the formation of bubbles on the FTO/MWCNT/3 anode surface cannot 

be ascribed to contribution of Pyr+ Br- 3 with respect to the electrocatalytic oxidation of H2O. 

 

  
Figure 4.24 FTO/MWCNT/3 and FTO/MWCNT/2 at 1.8 V vs NHE in NaH2PO4/Na2HPO4 at 

(left) pH 6.8 and (right) pH 2.1. 

 

pH 6.8 pH 2.1 



   

  
128 

The effect of changing the pH becomes clear in a follow-up experiment where freshly prepared 

FTO/MWCNT/2 and FTO/MWCNT/3 anodes were subjected to extended use by applying 

subsequent on/off cycles of 1.8 V vs NHE. This is to study the stability of the prepared anodes 

in terms of the observed current density at pH 6.8 and 2.1 respectively. Comparison of the data 

in figure 4.24 reveal a high current density for both anodes compared to the blank FTO anode 

which gradually decreases after every subsequent cycle. Only at pH 2.1, however, a significant 

difference is observed between the use of FTO/MWCNT/2 and FTO/MWCNT/3 (figure 

4.24, right), which can be attributed to water oxidation catalysis. This significant change in 

current density, is reduced upon every subsequent cycle as the current density of 

FTO/MWCNT/3 decreases while the current density in FTO/MWCNT/2 remains consistent. 

It is assumed that this change in current density, under acidic conditions, reflects the 

contribution of the catalytic iridium center, present in precursor 3 as the current density is 

absent in the case for compound 2. This significant change is absent under neutral conditions 

and the similar current densities for both FTO/MWCNT/2 and FTO/MWCNT/3 under these 

conditions is ascribed to oxidation processes which are unrelated to the catalytic oxidation of 

H2O. 

 

In a control experiment, the prolonged activity of FTO/MWCNT/3 in a phosphate buffer 

solution at pH 2.1 was compared at 1.4 V and 1.8 V vs NHE (figure 4.25). At 1.8 V vs NHE 

gaseous formation on the anode surface was observed, in contrast to the experiment at 1.4 V vs 

NHE. Bubble formation halts after ~800 seconds, in accordance with the decrease in current 

density. Direct identification or quantification of the gas, including the construction of tafel-

plots proved to be problematic as delamination of the MWCNT/Pyr+ surface occurs very 

readily and the overall robustness of the anode is poor. 

 

 
Figure 4.25 FTO/MWNT/3 at 1.80 V vs NHE in 0.1 M NaH2PO4/Na2HPO4 at pH 2.1 
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Attempts to improve the robustness of the MWCNT layer by electrophoretically depositing 

MWCNTs on the anode surface prior to the adsorption of 2 and 3 on the anode surface, 

resulted in increased non-faradaic capacitance effects (see supporting information 4.5.6). In the 

assumption that O2 is formed, FTO/MWCNT/3 shows an initial current density of 1.25 

mA/cm2 measured in an 0.1 mM phosphate buffer solution at pH 2.1. This translates to an 

overpotential of 693 mV. In comparison, the system reported by Sun (figure 4.3 in the 

introductory section) showed a current density of 220 µA/cm2 at 583 mV overpotential.29 

 

4.3 Conclusions 

 

Water oxidation catalyst NHC IrCp*Cl2 has been successfully attached to a cationic pyrene 

anchor and acts as an efficient dispersing agent of multiwalled carbon nanotubes in aqueous 

solutions by the formation of MWCNT/Pyr+ assemblies under neutral and acidic conditions. 

Deposition of the MWCNT/Pyr+ assembly onto FTO surfaces leads to increased current 

densities when applied as the working electrode with respect to the electrocatalytic oxidation of 

H2O. At higher anodic potentials initially high current densities were achieved, however, these 

currents proved to be non-sustainable due to delamination and degradation of the 

FTO/MWCNT/Pyr+ anode. The immobilization strategy is limited to applications below 1.4 V 

vs NHE as oxidation of the pyrene backbone is evident at higher potentials. Water oxidation is 

assumed to occur at high overpotentials in the case for precursor 3 in pH 2.0 and as such the 

application of MWCNT/3 assemblies in the preparation of functional anodes with respect to the 

electrocatalytic oxidation of H2O has proven to be not efficient. 
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4.4 Experimental section 

 

General – All chemicals were purchased from commercial suppliers and used without further 

purification. All syntheses were carried out under a N2 atmosphere using standard Schlenk 

techniques unless stated otherwise. THF was distilled over sodium wire/benzophenone under 

N2 prior to use. CH2Cl2 was distilled from sodium. Fluorine doped tin-oxide (FTO) glass slides 

were purchased from Sigma-Aldrich (7 Ω/sq, TEC 7, transmittance: 80-82%). MWCNTs 

were purchased from Sigma-Aldrich, produced by chemical vapor deposition followed by HCl 

demineralization. Average outside diameter: 12 nm, average length: 10 µm, average wall 

thickness: 7-13 graphene layers, specific surface area: ~220 m2/g. NMR spectra were recorded 

on a Bruker AMX 400 (400.1 MHz, 100.6 MHz for 1H and 13C respectively). Electrochemical 

measurements were performed using an Autolab 302 N potentiostat. UV-Vis spectra were 

recorded on a Shimadzu UV-2700 spectrophotometer, using 2 mm quartz cuvettes. 

Multiwalled carbon nanotube modified screen printed (DS) electrodes were obtained from 

DropSens. Ultra High Scanning Electron Microscopic (SEM) images and energy dispersive X-

ray spectroscopic data (EDX) were obtained using a Philips FEI XL30 S FEG. Rates of oxygen 

evolution were recorded using a Hansatech Instruments Oxygraph. Crystallographic data was 

obtained using a Bruker Kappa Apex II diffractometer equipped with a Triumph 

monochromator ( = 0.71073 Å). 

 

Synthesis of Pyr+ Br- 1 – Following a previously reported procedure14 1.0 g 1-(bromoacetyl) 

pyrene (3.1 mmol, 1.0 eq.) was dissolved in 50 mL dry THF in a 250 mL three-necked round 

bottom flask equipped with a magnetic stirring bar, a gas inlet connected to a pressurized 

trimethyl amine gas cylinder and two consecutive gas traps filled with a concentrated HCl 

solution to neutralize escaping trimethyl amine gas. An excess of trimethylamine gas was 

bubbled through the THF solution at a slight overpressure after which a yellow suspension was 

formed immediately. After 1 hour the yellow precipitate was filtered off, washed with volumes 

of THF and Et2O and dried under vacuum to yield Pyr+ Br- 1 in quantitative yield. 
1H-NMR (400 MHz, d6-DMSO): δ = 8.92 (d, 1H, Pyr), 8.65 (d, 1H, Pyr), 8.49-8.42 (5x d, 5H, Pyr), 

8.33 (d, 1H, Pyr), 8.21 (t, 1H, Pyr), 5.55 (s, 2H, COCH2), 3.46 (s, 9H, N(CH3)3. 

 

Synthesis of Pyr+ Br- 2 – In a 25 mL Schlenk equipped with a magnetic stirring bar 100 mg 1-

(bromoacetyl)pyrene (0.31 mmol, 1 eq.) was dissolved in 10 mL dry THF. 366 µL 3-

dimethylamino-1-propanol (3.1 mmol, 10 eq.) was added to the reaction mixture. In time a 

yellow precipitation was formed which was filtered off, washed with volumes of THF and Et2O 

and dried under vacuum to yield Pyr+ Br- 2 in quantitative yield. 
1H-NMR (500 MHz, d6-DMSO): δ = 8.88 (d, 1H, Pyr), 8.72 (d, 1H, Pyr), 8.48-8.38 (5x d, 5H, Pyr), 

8.30 (d, 1H, Pyr), 8.19 (t, 1H, Pyr), 5.60 (s, 2H, COCH2), 4.88 (br, 1H, OH), 8.85 (t, 2H, 

CH2CH2CH2-NHC), 3.55 (t, 2H, CH2CH2CH2-NHC), 3.46 (s, 6H, N(CH3)2, 1.99 (m, 2H,  

CH2CH2CH2-NHC); 13C-NMR APT (101 MHz, d6-DMSO): 195.0 (COCH2), 134.3 (C, Pyr), 130.5 
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(C, Pyr), 130.4 (CH, Pyr), 130.3 (CH, Pyr), 129.8 (C, Pyr), 129.2 (C, Pyr), 128.5 (C, Pyr), 127.2 

(CH, Pyr), 127.1 (CH, Pyr), 127.1 (CH, Pyr), 127.05 (CH, Pyr), 126.7 (CH, Pyr), 124.3 (CH, Pyr), 

124.0 (C, Pyr), 124.0 (CH, Pyr), 123.2 (C, Pyr), 66.7 (COCH2), 63.0 (CH2CH2CH2-NHC), 57.7 

(CH2CH2CH2-NHC), 51.4 (NCH3), 25.7 (CH2CH2CH2-NHC). 

 

Synthesis of Pyr+ Br- 3 – (i) In a 250 mL tree-necked round bottom flask equipped with a 

magnetic stirring bar, 2.50 mL 3-dimethylamino-1-propanol (21 mmol, 1.0 eq.) was added to 

80 mL CH2Cl2 which was placed in an ice bath to cool down the solution to 0 oC. 1.70 mL 

SOCl2 (23 mmol, 1.1 eq.) dissolved in 20 mL CH2Cl2 was added dropwise to the reaction 

mixture at 0 oC over a time period of 30 minutes. The ice bath was removed and the solution 

was left to warm up to room temperature and stirred for another 3 hours. Evaporation of the 

solvent via vacuum evaporation yielded (3-chloropropyl)-N,N-dimethyl ammonium chloride as 

a white solid in quantitative yield. 
1H-NMR (400 MHz, d6-DMSO): δ 10.86 (br, 1H, NH(CH3)2), 3.74 (t, 2H, CH2CH2CH2-Cl), 3.12 (t, 

2H, CH2CH2CH2-Cl), 2.73 (s, 6H, NH(CH3)2), 2.15 (m, 2H, CH2CH2CH2-Cl). 

 

Synthesis of Pyr+ Br- 3 – (ii/iii) In a 100 mL round bottom flask equipped with a magnetic stirring 

bar, 3.3 g (3-chloropropyl)-N,N-dimethyl ammonium chloride (21 mmol, 1.0 eq.) was 

dissolved in 50 mL demineralized H2O. 3.2 g K2CO3 (23 mmol, 1.1 eq.) was added to the 

solution and the mixture was left to stir for 1 hour. The organic product was extracted from the 

aqueous layer using Et2O (4x) and the organic layer was dried with MgSO4. Evaporation of the 

organic layer yielded the free dimethyl amine as a yellowish oil. In a second step 500 mg of the 

free dimethyl amine (4.1 mmol) was added to 8.2 mL N-methyl imidazole (102 mmol, 25 eq. 

with respect to the free dimethyl amine) in a 25 mL Schlenk and the mixture was heated solvent 

free at 80 oC for 24 hours under dry and inert conditions. After cooling down the mixture to 

room temperature 20 mL Et2O was added under vigorous stirring which resulted in dissolution 

of excess N-methyl imidazole and precipitation of a viscous ionic liquid. The Et2O supernatant 

was removed and the process was repeated at least five times to fully ensure removal of excess 

N-methyl imidazole increasing the viscosity of the clear white ionic liquid. After final 

decantation of the Et2O supernatant the viscous oil was subjected to a high vacuum overnight to 

remove additional Et2O yielding ionic liquid iii in 75% yield. 
1H-NMR (400 MHz, d6-DMSO): δ = 9.59 (s, 1H, NHC), 7.91 (t, 1H, NHC), 7.85 (t, 1H, NHC), 

4.20 (t, 2H, CH2CH2CH2-NHC), 3.88 (s, 3H, NHC-CH3), 2.16 (t, 2H, CH2CH2CH2-NHC), 2.08 (s, 

6H, N(CH3)2), 1.91 (m, 2H, CH2CH2CH2-NHC); 13C-NMR (101 MHz, d6-DMSO): 136.9 (CH, 

NHC), 123.5 (CH, NHC), 122.4 (CH, NHC), 55.2 (CH2CH2CH2-NHC), 46.9 (NHC-CH3), 45.0 

(N(CH3)2), 35.7 (CH2CH2CH2-NHC), 27.3 (CH2CH2CH2-NHC). 

 

Synthesis of Pyr+ Br- 3 – (iv/v) In a 10 mL Schlenk equipped with a magnetic stirring bar 111 mg 

of the ionig liquid iii (0.54 mmol, 2.0 eq.) was dissolved in 10 mL CH2Cl2. 75 mg Ag2O (0.32 

mmol, 1.2 eq.) was added to the mixture which was left to stir for 17 hour. 217 mg 

{IrCp*Cl2}2 (0.27 mmol, 1.0 eq.) was added to the reaction mixture which immediately 
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changed to a bright yellow colour and was left to stir for 30 minutes. The mixture was filtered 

over Celite 500 and the yellow/golden filtrate was concentrated to a volume of ~5 mL which 

was transferred directly to a 25 mL Schlenk. Isolation of the compound is impeded due to the 

hygroscopic nature of the product under ambient conditions hence the product was used 

directly in the next synthetic step by substituting the left over CH2Cl2 solvent by 10 mL dry 

THF keeping the environment dry and oxygen free. 105 mg of 1-(bromoacetyl)pyrene (0.32 

mmol, 1.2 eq.) was added to the solution while stirring and in time a yellow precipitation was 

formed which could be isolated by filtration to give Pyr+ Br- 3 as a yellow solid in 78% yield. 
1H-NMR (500 MHz, d6-DMSO): δ = 8.92 (d, 1H, Pyr), 8.71 (d, 1H, Pyr), 8.50-8.40 (5x d, 5H, Pyr), 

8.32 (d, 1H, Pyr), 8.21 (t, 1H, Pyr), 7.91 (d, 1H, NHC), 7.67 (d, 1H, NHC), 5.62 (m, 2H, COCH2, 

J = 15.0/25.0 Hz), 4.29 (m, 1H, CH2CH2CH2-NHC), 4.05 (m, 1H, CH2CH2CH2-NHC), 3.88 (s, 

3H, NHC-CH3), 3.88 (m, 1H, CH2CH2CH2-NHC), 3.67 (m, 1H, CH2CH2CH2-NHC), 3.48 (m, 6H, 

N(CH3)2), 2.54 (m, 1H, CH2CH2CH2-NHC), 2.27 (m, 1H, CH2CH2CH2-NHC), 1.65 (s, 15H, 

Cp*H); 13C-NMR APT (125 MHz, d6-DMSO): 194.8 (COCH2), 145.1 (C-Ir), 134.4 (C, Pyr), 130.6 

(C, Pyr), 130.5 (CH, Pyr), 130.3 (CH, Pyr), 129.8 (C, Pyr), 129.2 (C, Pyr), 128.4 (C, Pyr), 127.2 

(CH, Pyr), 127.1 (CH, Pyr), 127.1 (CH, Pyr), 127.1 (CH, Pyr), 126.7 (CH, Pyr), 125.9 (CH, NHC), 

124.7 (CH, NHC), 124.2 (CH, Pyr), 124.0 (CH, Pyr), 124.0 (C, Pyr), 123.2 (C, Pyr), 96.6 (C, Cp*), 

96.2 (C, Cp*), 66.9 (COCH2), 61.1 (CH2CH2CH2-NHC), 51.7 (N(CH3)2), 51.5 (N(CH3)2), 46.8 

(CH2CH2CH2-NHC), 38.0 (NHC-CH3), 25.4 (CH2CH2CH2-NHC), 8.5 (CH3, Cp*), 8.3 (CH3, Cp*). 

 

Synthesis of Pyr+ Br- 4 – 200 mg 1-(bromoacetyl)pyrene (0.62 mmol, 1.0 eq.) was dissolved in 10 

mL dry THF in a 25 mL Schlenk equipped with a magnetic stirring bar. 245 µL 

(dimethylaminomethyl)ferrocene (1.23 mmol, 2 eq.) was added and a gold/yellow precipitate 

was formed immediately which after 1 hour was filtered off, washed with volumes of THF and 

Et2O and dried under vacuum to yield Pyr+ Br- 4 in quantitative yield. 
1H-NMR (400 MHz, d6-DMSO): δ = 8.97 (d, 1H, Pyr), 8.58 (d, 1H, Pyr), 8.50-8.40 (5x d, 5H, Pyr), 

8.32 (d, 1H, Pyr), 8.21 (t, 1H, Pyr), 5.27 (s, 2H, COCH2), 4.81 (s, 2H, CH2Fer), 4.56 (t, 2H, Fer), 

4.40 (t, 2H, Fer), 4.30 (s, 5H, Fer), 3.33 (s, 6H, N(CH3)2. 

 

Clark-electrode measurements – Prior to measurement the surface of the Clark-type platinum 

cathode and silver anode were polished using Hansatech rapid electrode disc polish. The system 

was set up and left to stabilize for several minutes as the oxygen electrode was polarized 

ensuring a stable signal. 2 mL air saturated deionized H2O at 22 oC was added and the system 

was carefully calibrated using a constant stirring speed. Oxygen free conditions were obtained 

by introducing a N2 flow through the sample chamber. The current recorded by the Clark-type 

electrode at this condition was set as the zero point. Throughout all experiments the stirring 

speed was kept at the same rate as used for calibration. The measurements were performed in 

open atmosphere at an acquisition speed of 0.5 s. 

 

Electrochemical measurements – Measurements were performed in a standard three-electrode set 

up using a Ag/AgCl (3M KCl) reference electrode (E0 + 0.21 V vs NHE), a platinum counter 
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electrode and a standard platinum or glassy carbon (GC) working electrode. FTO/ 

MWCNT/Pyr+
 or DS/Pyr+ prepared anodes were used as the working electrode in a phosphate 

buffer solution to test the performance with respect to the electrocatlaytic oxidation of H2O. 

 

X-ray crystal structure determination of 2 and 3 – Compound 2 crystallized as yellow plate shaped 

crystals. The crystals appeared to be non-merohedrally twinned with a twofold rotation about 

uvw = [1,0,0] as twin operation. Consequently, two orientation matrices were used for the 

integration with Eval15.40 Multiscan absorption correction and scaling was performed with 

TWINABS41 (correction range 0.59-0.75). 36400 reflections were measured and 9703 

reflections were unique (Rint = 0.043), of which 7772 were observed [I>2(I)]. The structure 

was solved with Patterson superposition methods using SHELXT.42 Least-squares refinement 

was performed with SHELXL-9743 against F2 of all reflections. Non-hydrogen atoms were 

refined freely with anisotropic displacement parameters. All hydrogen atoms were located in 

difference Fourier maps. The O-H hydrogen atoms were refined freely with isotropic 

displacement parameters. All other hydrogen atoms were refined with a riding model. 608 

parameters were refined with no restraints. R1/wR2 [I>2(I)]: 0.0511/0.1172. R1/wR2 [all 

reflections]: 0.0700/0.1246. S = 1.034. Twin fraction BASF = 0.3835(10). Residual electron 

density between -0.49 and 0.70 e/Å3. Geometry calculations and checking for higher symmetry 

was performed with the PLATON program.44  

 

Table 4.3 Crystallographic data of 2. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C23 H24 N O2, F6 P 

 

Formula Weight 491.40  

Crystal System Monoclinic 

Space group P21/c (No.  14) 

a, b, c (Å) 7.9384(5); 15.5384(11); 

35.034(3) 

alpha, beta, gamma (deg) 90, 95.245(3), 90 

V (Å3) 4303.4(5) 

Z 8 

D(calc) (g/cm3) 1.517 

Mu(MoKa) [/mm ] 0.201 

 

Compound 3 crystallized as yellow needles. The diffraction intensities were integrated with the Eval15 

software.40 Multiscan absorption correction and scaling was performed with SADABS.41 (correction 

range 0.28-0.43). 10977 reflections were unique (Rint = 0.024), of which 9439 were observed 

[I>2(I)]. The structure was solved with automated Patterson methods using DIRDIF-08.45 Least-

squares refinement was performed with SHELXL-9743 against F2 of all reflections. Non-hydrogen atoms 

were refined freely with anisotropic displacement parameters. Hydrogen atoms were introduced in 

calculated positions and refined with a riding model. The PF6 anions were refined with disorder models. 

The site of the coordinated halogen atom was substitutionally disordered (49% bromine, 51% 
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chlorine). The crystal structure contains large voids (543.4 Å3 / unit cell) filled with disordered acetone 

solvent molecules. Their contribution to the structure factors was taken into account using the Squeeze 

algorithm,46 resulting in 134 electrons/unit cell. 680 parameters were refined with 1550 restraints 

(distances, angles and displacement parameters of the disordered groups). R1/wR2 [I > 2(I)]: 

0.0313/0.0849. R1/wR2 [all reflections]: 0.0389 / 0.0886. S = 1.083. Residual electron density 

between -1.21 and 1.71 e/Å3. Geometry calculations and checking for higher symmetry was performed 

with the PLATON program.44 

 

Table 4.4 Crystallographic data of 3. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C39 H49 Cl Ir N3 S O2, F6 P 

 

Formula Weight 1163.36  

Crystal System Monoclinic 

Space group P21/c (No.  14) 

a, b, c (Å) 14.7513(4); 14.7291(4); 

22.0382(7). 

alpha, beta, gamma (deg) 90, 92.916, 90 

V (Å3) 4782.1(2) 

Z 4 

D(calc) (g/cm3) 1.616a 

Mu(MoKa) [/mm ] 3.424 

(a) Derived values do not contain the contribution for the disordered solvent. 
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4.5 Supporting information 

 

4.5.1 1H/13C-APT HMQC analysis of Pyr+ Br- 3. 

 

In chapter 3 it was discussed that attachment of an alkyl trimethoxysilane functional group to 

the N-heterocycliccarbene backbone of NHC IrCp*Cl2 (compound 2 in chapter 3) cause the 

methylene moieties on the alkyl linker to become comformationally locked due to steric 

interference with the Cp* ligand. Comparison of 1H-NMR analysis of 2 and 3 in DMSO reveal a 

similar splitting pattern of the alkyl linker in compound 3 separating the IrCp*Cl2 moiety from 

the pyrene anchor. The effect extends to both the α protons (COCH2) and quaternary 

ammonium moiety (N(CH3)2) of the pyrene scaffold (figure SI 1). The α protons of compound 2 

show a sharp singlet at 5.60 ppm as expected. For 3, this signal is split up into multiple peaks 

(figure SI 1, left). HMQC analysis of 3, however, shows a clean correlation between the 

observed multiplicity of the proton chemical shifts with respect to the carbon chemical shifts 

suggesting that the rather complex 1H-NMR spectrum is not due to the presence of impurities, 

but could originate from the folding of the molecular structure where the bulky Cp* ligand 

interacts with the COCH2 and N(CH3)2 moieties, thus preventing free rotation. Compound 4 

dissolved in DMSO does not show multiplicity in the 1H-NMR signal for the COCH2 moiety, 

but instead a clean and simple spectrum is obtained. This means that the Cp ligand imposes less 

steric bulk in compound 4 then the Cp* ligand in compound 3. 

  

COCH2 (5.62 ; 66.9) 
CH2CH2CH2-NHC (4.29-4.05 ; 46.8) 
CH2CH2CH2-NHC (2.54-2.27 ; 25.4) 
CH2CH2CH2-NHC (3.88-3.67 ; 61.1) 

N(CH3)2 (3.48 ; 51.7) 

Figure SI 1 (left) COCH2 
1H-NMR signal of 2 compared to 3. (right) 1H/13C-APT HMQC spectrum 

of 3 in DMSO. (bottom) selected ppm values for 3 (1H ; 13C). 
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4.5.2 Electrochemical evaluation of Pyr+ Br- 2-4. 

 

The cyclic voltammograms of compounds 2, 3 and 4 show semi-reversible redox waves with an 

onset potential of 0.25 V, 0.57 V and 1.04 V vs ferrocene measured in MeCN with 0.1 M 

TBAPF6 present as the electrolyte (figure SI 2, left). 

 

 

 

 

Figure SI 2 (left) 1.7 mM 2-4 in 0.1 M TBAPF6 in MeCN with and without the presence of ferrocene 

using a glassy carbon (GC) working electrode at 0.1 V s-1; (top right) Expansion of the 4-ferrocene 

redox wave at E1/2 = 0.25 V vs ferrocene; (bottom right) Sequential scanning of 1.7 mM 2, before and 

after a reductive sweep of the GC working electrode. 

 

The wave at 0.57 V is ascribed to the oxidation of the Br- anion (~1.0 V vs NHE) and the large 

semi-reversible oxidation wave at 1.04 V is ascribed to the oxidation of the pyrene anchor 

(~1.4 V vs NHE). Bare pyrene is known to be a good one electron donor and has an E1/2 redox 

potential of 1.16 V vs SCE47,48 which translates to approximately 1.0 V vs ferrocene.† 

Compound 4 shows the exact same features, however, the first redox wave with an E1/2 of 0.25 

V vs ferrocene (~0.65 V vs NHE) is ascribed to the reversible oxidation of the ferrocene moiety 

covalently attached to 4 (figure SI 2, top right). It has been observed that sequential scanning at 

higher potentials beyond the oxidation onset of pyrene, results in a gradual disappearance of the 

                                                
† Calculated using the E1/2 redox potential for ferrocene of 0.400 V vs NHE according to the handbook of chemistry and 
physics, 85th edition 2004-2005. 
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wave at 1.04 V vs ferrocene, shown in the bottom right panel of figure SI 2 for compound 2. 

This could point to deposition of the compound on the electrode surface after oxidation of the 

pyrene moiety. After a reductive potential sweep, the electrode surface is presumably cleansed 

and the electrochemical features of 2 are reestablished. 

 

4.5.3 Molecular decomposition of the Pyr+ framework at high anodic potentials. 

 

Pyr+ Br- 4 was used as an electrode surface probe to detect the decomposition of the molecular 

structure at potentials beyond the oxidation onset of pyrene for DS/Pyr+ prepared anodes. A 

solution of 30 µM 0.2 mM 4 in MeCN was drop casted onto a DS anode and the DS/4 anode 

was scanned repeatedly at potentials below the oxidation onset of pyrene in a 0.1 M phosphate 

buffer solution compared to an unfunctionalized DS anode (figure SI 3, left). An increasing 

reversible redox potential at E1/2 = 0.82 V vs NHE is observed and assigned to the Fe3+/Fe2+ 

redox couple of the covalently bound ferrocene unit in compound 4. The potential of the 

observed redox couple is slightly higher than the previously measured 0.65 V vs NHE for 4 in 

solution as reported in figure SI 2, however, the assignment is validated by the absence of the 

redox wave in DS/2 prepared and measured at the exact same conditions (figure SI 3, right). 

 

  
 

Figure SI 3 (left) 30 µL 0.2 mM 4 in MeCN and (right) 30 µL 0.2 mM 2 in MeCN dropcasted onto DS 

electrode measured in an 0.1 M phosphate buffer solution at pH 2.0 at scan speed 0.1 V s-1. 

 

The intensity of the peak grows and stabilizes after successive scanning at potentials below 1.0 V 

vs NHE. If the potential is swept once to 1.8 V vs NHE, the wave assigned to the Fe3+/Fe2+ 

redox couple disappears and a new redox feature with an E1/2 potential of 0.54 V vs NHE is 

observed (figure SI 4). This is the same feature that has been observed for DS anodes prepared 

using compounds 2 and 3 after increasing the potential to 1.8 V vs NHE (section 4.2.2) and is 

ascribed to molecular degradation of the pyrene framework. Both figure SI 3 and figure SI 4 

seem to indicate that the molecular integrity of the Pyr+ moiety is retained on the electroactive 

surface if anodic potentials do not exceed the oxidation onset potential of pyrene. 
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Figure SI 4 Cyclic voltammogram of a DS/4 anode prepared by dropcasting 30 µL 0.2 mM 4 in 

MeCN before and after sweeping the potential to 1.8 V vs NHE in an 0.1 M phosphate buffer solution 

at pH 2.0 at scan speed 0.1 V s-1. 

 

In an alternative preparation strategy, instead of dropcasting a solution of 4 in MeCN onto the 

DS anode, a blank DS anode was submerged overnight in an 0.2 mM aqueous solution of 4. 

After the adsorption time, the cyclic voltammogram of the DS anode showed the presence of 

the Fe3+/Fe2+ redox couple in analogy to the DS/4 anode prepared via dropcasting (figure SI 5, 

left). In addition, the redox wave with an E1/2 potential of 0.55 V vs NHE, appears after 

sweeping the potential once to 1.8 V vs NHE (figure SI 5, right). Both DS anodes depicted in 

the left panel of figure SI 5 were prepared and measured independently yet both show a similar 

surface coverage of approximately ~3·1015 molecules. The experiments point out that the 

immobilization of 4 from solution on the DS/MWCNT surface occurs spontaneously under 

aqueous conditions and a maximum adsorption capacity is observed. 

 

  

 

Figure SI 5 (left) Cyclic voltammogram of DS/4 after submerging a blank DS in 0.2 mM 4 overnight. 

(right) After anodic sweep to 1.8 V vs NHE. 
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4.5.4 Adsorption equilibrium of MWCNT/Pyr+assembly in a phosphate or acetate buffer solution. 

 

 
Figure SI 6 Absorbance spectra of sample taken from 5 mL 0.4 mM 1 demineralized H2O before () 

and after addition of 5 mg MWCNTs (). Similar results are obtained in the case for 5 mL 0.4 mM 1 

dissolved in 0.1 M phosphate buffer at pH 2.1 () and 0.1 M acetate buffer solution at pH 4.7 ().

 

4.5.5 FTO anode prepared with MWCNT/Pyr+ Br- 4 assembly. 

 

FTO #25 (see table 4.2) was used as a working electrode in a blank MeCN electrolyte solution 

containing 0.1 M TBAPF6. Cycling the potential back and forth for over 50 times resulted in a 

constant observation of the Fe3+/Fe2+ redox couple of the ferrocene moiety covalently attached 

to the pyrene anchor in compound 4. Similar to what is observed in the experiments with the 

DS anodes, depicted in figure SI 3, the redox feature is lost after the anodic potential exceeds 

1.5 V vs Ag. This indicates once more that decomposition or disassembly of the molecular 

framework from the MWCNT surface occurs beyond the oxidation potential of pyrene (figure 

SI 7). 

 
Figure SI 7 FTO/MWCNT/4 in 0.1 M TBAPF6 at a scanspeed of 0.1 V s-1. 
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4.5.6 Immobilization of 2 and 3 on MWCNTs electrophoretically deposited onto FTO substrates. 

 

In an attempt to improve the overall robustness of the FTO/MWCNT/3 anode an alternative 

anode preparation strategy C was applied by directly adsorbing 2 and 3 from solution on a thick 

MWCNT layer applied to the FTO surface via electrophoretic deposition in the presence of 1-

pyrene sulphonic acid (see chapter 5 for a full description). Figure SI 8 shows typical adsorption 

curves when an area of 1.5 cm2 of the FTO/MWCNT electrodes are immersed in a solution of 

0.2 mM 2 or 3 in demineralized H2O. In a time span of ~30 hours a total loading of 110 nmol 2 

and 90 nmol 3 has been adsorbed to the FTO/MWCNT surface. The experiments demonstrate 

the spontaneous immobilization of 2 and 3 on the MWCNT electrode surface, however, in 

analogy with the anodes prepared via approach B large capacitance effects impeded concluding 

evidence of participation of 3 in the electro catalytic oxidation of water. 

 

  
Figure SI 8 Adsorption of 2 and 3 from solution on the surface of FTO/MWCNT anodes in a time 
span of ~30 hours. 
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