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Abstract
Immobilization of redox active complexes as electrodes modifier is appealing for a large set of
applications such as sensing, electrolysers or fuel cell. In this work iron based N-heterocyclic carbene
complexes bearing an 3,4-Ethylene dioxythiophene (EDOT) moiety in the side chain have been
prepared following two different synthetic approaches determined by the length of the lateral chain.
The approaches exploit carbonyldiimidazole (CDI) as the coupling agent between the —CH2OH
moiety of the hydroxymethyl-EDOT and the —OH functionalized N-heterocyclic carbene iron
complex or the imidazolium salt precursor. In both cases, the syntheses allow to obtain functional
monomers suitable for electrochemical polymerization in the form of thin films on conducting
substrates. The modified electrodes have been characterized by ATR-IR, showing successful
copolymerisation to functionalized poly(3,4-cthylene dioxythiophene) (PEDOT), by cyclic
voltammetry (CV), demonstrating the dominant and reversible redox response of NHC-iron
complexes, and by SEM-EDS, which provides the average copolymerisation ratio. The capability of
the NHC-iron complex to act as a redox mediator has been assessed by using the functionalized device
for glucose detection.

1. Introduction
Iron is the most abundant transition metal in the Earth’s crust, which means low cost and wide
availability, it is biocompatible and plays a crucial role in biological mechanisms. Furthermore, the
environmental impact concerning its wider use is quite reassuring.! Iron redox properties can be finely
tuned by the design of suitable ligands in molecular complexes, which are thus emerging as a
promising alternative to precious metals in several applications, such as catalysis>* and
electrocatalysis for energy production. Emerging technologies exploit, for example, iron molecular
complexes on both sides of water splitting, namely water oxidation>”’ or hydrogen evolution.®!!
Immobilization through ionic or covalent bond is a good tool to exploit the high activity and specific
properties of transition metal molecular complexes.> 121 While this approach has been studied in the

last two decades in order to obtain single site iron based molecular catalysts for olefin



1721 alkenes and alkanes oxidation,”>?* hydrogenation’* and Michael addition

polymerization
reactions,? it has recently become an innovative approach for the development of more efficient
electrochemical devices.

Indeed, chemically modified electrodes are widely employed in electrochemistry and an important
goal in this field is to find a way to strongly anchor redox mediators on the electrode surface (e.g.
covalent bonding). A competitive redox mediator requires good electrochemical reversibility,
regeneration at low potential, and generation of stable redox forms in order to be able to shuttle the
electrons between the electrode and a substrate or an active redox site, such as a redox enzyme.
Among others, ferrocene represents the first organometallic complex widely employed in this field.?*"
34 To improve its attachment to the electrode surface, many immobilization methods, including cross-
linking gels or polymers, have been developed.®* 3® Beyond the kind of immobilization, the presence
and the length of spacers between the polymer and the redox mediator play a key role in defining the
performance of chemically modified electrodes by affecting the stability,>’ charge transport®® and
even the redox response.’’

Conductive polymers are receiving increasing attention in electrochemistry due to their low cost, their
relatively high conductivity, and their lightweight and flexibility. These peculiar characteristics allow
their use in highly innovative devices in which conventional electrode materials fail. Examples of
these applications are the fabrication and development of wearable sensors, supercapacitors and
batteries’® or to be used in paper electronics. Among conductive polymers, poly(3,4-
ethylenedioxythiophene) (PEDOT) has received great attention due to its mixed ionic-electronic
conduction, high chemical and thermal stability, biocompatibility and low-energy band gap*’ which
makes it suitable for electro-optical applications. Moreover, the presence of ethylenedioxy
substituents in the 3 and 4 positions of the polythiophenic ring makes it regiochemically better defined
than the unsubstituted polythiophene. PEDOT can be prepared by several chemical or electrochemical
routes, both in aqueous and organic media; electrochemical polymerization methods allow obtaining

PEDOT coated electrodes by employing a small amount of monomer and short polymerization



times.*' The EDOT electropolymerization in aqueous media can be achieved using suitable water-
soluble polyelectrolytes as emulsifiers and doping agents. In particular, when the polymerization is
carried out in the presence of a typical polyelectrolyte, such as poly(styrene-4-sulfonate) ((PSS)™),
stable and conducting films of PEDOT:PSS can be synthesized. The electrosynthesis relies on an
oxidative polymerization stimulated by an anodic potential that induces the oxidation of EDOT.
However, the applied potential can also oxidize PEDOT that acquires a positive charge and
incorporates the (PSS)™ polyanion in its structure. Since PEDOT is a p-type semiconductor, the role
of PSS coincides with the function of a dopant that stabilises the charge-carrier form PEDOT".
PEDOT:PSS has been proven to produce films and micro-structured systems with facile
electrochemistry, high-ionic conductivities, good electrochemical stability and a capacitance suitable
for practical use in electrochemical supercapacitors.*?*® Moreover, thanks to its unique features,
PEDOT:PSS has been recently employed for the fabrication of all-plastic electrochemical transistors
(OECTs).*”* For these reasons, PEDOT:PSS has been chosen as a polymeric matrix to covalently
bind ferrocene, towards the development of amperometric sensors combining the ferrocene redox
mediator properties and the high conductivity of PEDOT:PSS. Within this field, our research groups
have recently described the synthesis and application of a ferrocene clicked PEDOT:PSS coated
electrode employed in dopamine amperometric detection.*’ Indium tin oxide (ITO) electrodes were
coated with PEDOT:PSS that was ferrocene-functionalized by a two-step procedure consisting of the
electrodeposition of PEDOT-N3; followed by copper-catalysed azide—alkyne cycloaddition of
ethynylferrocene. The coated electrodes were characterized by XPS, AFM, and cyclic voltammetry
(CV). The electrocatalytic performance of the device was assessed in the detection of 3,4-
dihydroxyphenyl ethylamine, also commonly known as dopamine (DA). Therefore, the successful
anchoring of short Fc functionalised chains to PEDOT:PSS was demonstrated, suggesting that
covalent binding is a promising strategy to design modified films with superior electrocatalytic

activity.



Despite the excellent properties of ferrocene, electrochemists are constantly looking for new active
redox compounds able to selectively and efficiently mediate the charge transfer between specific
molecules in solution and the electrode surface, for mainly exploiting an electrocatalytic pathway.
The growing expectations placed on innovative electrochemical devices in the field of sensing and
energy storage and production is making these demands increasingly urgent. Following in these
footsteps, bis-carbonyl cyclopentadienone N-heterocyclic carbene (NHC) iron complexes were

developed by the group,’®3!3

showing a reversible redox Fe(0)-Fe(I) that closely resembles the one
of ferrocene Fe(II)-Fe(IIl) anodic couple (located at potentials of +0.53 V and +0.63V (vs. SCE)).
Moreover, these complexes electrocatalyze the oxygen evolution reaction in a 4:1 THF:water
mixture.’ This peculiar redox behaviour arises from the combination of highly versatile ligands such

52-56 and cyclopentadienones.’’-%* Both these classes of ligands can play a

as N-heterocyclic carbenes
role in the steric and electronic properties of the corresponding complexes. Furthermore, they give
stability making them suitable single site systems upon immobilization.

In this work, we describe a new procedure to anchor NHC iron complexes to a PEDOT:PSS film in
view of advanced electrochemical applications. The new procedure takes advantage of the easy
functionalization of NHC ligands.®>*® Indeed hydroxyl functionalization is exploited for a coupling
reaction with hydroxymethyl EDOT moiety by -CH20H. The coupling agent carbonyldiimidazole
(CDI) allowed the formation of a stable carbonate-EDOT functionalized monomeric iron complex.
Pristine spin-coated PEDOT:PSS electrodes have been functionalised by electrochemical co-
polymerization of EDOT with two different iron-EDOT monomers. The monomers syntheses have
been optimized for different length (C3 and Ci1) of the spacers between the EDOT unit and the metal-
organic complex. The coated electrodes have been characterised by XPS, SEM-EDS and cyclic

voltammetry and their electrochemical performances have been assessed by using the NHC-iron

functionalized electrode to mediate glucose oxidase oxidation in the presence of oxygen.



2. Experimental Section

2.1 Materials and methods All reactions were routinely carried out under a nitrogen atmosphere,
using standard Schlenk techniques. Glassware was oven dried before use. Solvents: dichloromethane
(CH2Cl»), diethyl ether (Et20) and acetonitrile (CH3CN) were dried and distilled prior to use. Other
solvents such as ethylacetate (EtOAc), ethanol (EtOH), methanol (MeOH), hexane, toluene, CDCl3,
C7Ds, (Eurisotop) have been employed without further purification. Reagents: Fe2(CO)y (Strem),
silver oxide, trimethylamine-N-oxide, 1-N-methylimidazole, potassium tert-butoxide, magnesium
sulphate, lithium perchlorate, 1,1’-carbonyldimidazole, and 11-bromo-1-undecanol, (2,3-
Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (hydroxymethyl-EDOT) (Merck) have been
employed as purchased. Triscarbonyl-(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one),*
Dicarbonyl-(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one)[ 1-(3-hydroxypropyl)-3-
methylilidene]iron® have been prepared following procedures reported in the literature. The prepared
derivatives were characterized by spectroscopic methods. The NMR spectra were recorded using
Varian Inova 300 ('H, 300.1; '3C, 75.5 MHz), Varian Mercury Plus VX 400 ('H, 399.9; 13C, 100.6
MHz), Varian Inova 600 ('H, 599.7; °C, 150.8 MHz) spectrometers at 298 K; chemical shifts were
referenced internally to residual solvent peaks. Full 'H- and '>*C-NMR assignments were done, when
necessary, by gHSQC and gHMBC NMR experiments using standard Varian pulse sequences.
Infrared spectra were recorded at 298 K on a Perkin-Elmer Spectrum 2000 FT-IR spectrophotometer.
ESI-MS spectra were recorded on Waters Micromass ZQ 4000 with samples dissolved in MeOH or
CH3CN. Elemental analyses were performed on a Thermo-Quest Flash 1112 Series EA instrument.
UV irradiation was performed by using a commercial Hg lamp.

2.2 Synthesis of EDOT functionalized complexes 2-C; and 2-Cy;

2.2.1 Dicarbonyl-(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one)[ 1-(3-((1H-imidazol-
1-carbonyl)oxy)propryl)-3-methyl-ilidene]iron (2-C3;-COIm). In a 50mL Schlenk 1,1’-
carbonyldimidazole 0.039 g (0.24 mmol) and 2-C3-OH 0.040 g (0.08 mmol) were dissolved in 10

mL of CH2Cl2 and left under stirring for 4h. The reaction mixture was washed with water (2x20 mL)



and organic layer dried over MgSOeu, filtered and concentrated. The yellow oil was washed several
times with hexane to leave a yellow solid. Quantitative yield (50 mg).

2-C3-COIm has been analyzed by IR, 'H-NMR, '3C-NMR, ESI-MS. 'H-NMR (399.9 C7Ds) & (ppm):
8.00 (s, 1H, CHim), 7.57 (s, 1H, CHim), 7.23 (s, 1H, CHim), 6.45 (s, 1H, CHim) 6.30 (s, 1H, CHim),
4.23 (m, 2H, CH2), 4.10 (m, 2H, CH>), 3.49 (s, 3H, CH3N), 2.36 (m, 4H, CHzex), 1.74-1.56 (m,
4H+2H, CHzex + CH2), 0.26 (s, 18H, CHzms). *C-NMR (150.8 MHz, C7Ds) § (ppm): 219.0 (CO),
186.1 (Cearb), 178.5 (C=Ocyp), 167.8 (OCN), 133.8 (CHim), 131.1 (CHim), 104.7 (C3.4q), 67.9 (C2.59),
39.2 (CH20), 31.3 (CH2N), 30.7 (NCH3), 29.8 (CH2) 24.6 (CHzex), 23.8 (CHzex), 0.9 (CHatwms). IR
(CH2Clz, cm™): (veo) 1981, 1921, 1765. ESI-MS (m/z): 625 [M+H]", 648 [M+Na]". Anal. Calcd (%)
for C2sH40N4OsSiz2Fe: C, 53.84%; H, 6.45%; N, 8.97%. Found: C, 54.01%; H,.6.34%; N, 9.07%.
2.2.2 Dicarbonyl-(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one[1-(3-((((2,3-
dihydrothyeno[3,4-b][1,4]dioxin-2-il)methoxy)carbonyl)oxy)propyl)-3-metyl-ilidene]iron  (2-
C3). In a 50 mL Schlenk potassium tert-butoxide 0.011 g (0.10 mmol) was suspended in 10 mL
CH3CN. EDOT-OH 0.017 g (0.10 mmol) was added to the solution and left under reflux for 2h.
Solution was cool down to room temperature and 5 mL of CH3CN solution containing 2-C3-COIm
0.053 g (0.08 mmol) was added dropwise. The reaction mixture was left under stirring at room
temperature overnight. Upon removal of the solvent, the crude was purified by neutral alumina
column chromatography using ethyl acetate/methanol (50/1). Yield = 53% (31 mg).

2-C;3 has been analyzed by IR, '"H-NMR, '3C-NMR, ESI-MS. 'H-NMR (399.9 C7Ds) & (ppm): 6.49
(s, IH, CHim) 6.14 (s, 1H, CHim), 6.07 (s, 2H, CHS), 4.25 (t, 2H, CH2), 3.69 (m, 4H, CHzepor), 3.64
(t, 2H, CH20CO), 3.59 (t, 2H, CHz), 3.49 (s, 3H, CHsN), 3.34 (s, 1H, CHepor), 2.38 (m, 4H, CH2ex),
1.77 (m, 2H, CH2), 1.77-1.68 (m, 4H, CHzex), 0.27 (s, 18H, CHsrms). *C-NMR (150.8 MHz, C7Ds)
O (ppm): 218.7 (CO), 183.9 (Cearb), 174.3 (C=0Ocp), 154.9 (OCOO), 143.4 (Cqepor), 123.7 (CHim),
121.9 (CHim), 104.1 (Cs4q), 98.6 (CHS), 74.2 (CHepor), 73.3 (Ca2.59), 66.5 (CH2ep0T-OCO2), 59.0

(CH2-OCO3), 49.4 (CH:N), 40.5 (NCH3), 33.7 (CHz) 26.0 (CHaex), 23.2 (CHzex), 0.9 (CHstwis). IR



(CH2Clz, cm™): (vco) 1981, 1921, 1748. ESI-MS (m/z): 729 [M+H]", 751 [M+Na]*. Anal. Calcd (%)
for C32H44N20sSSi2Fe: C, 52.74%; H, 6.09%; N, 3.84%. Found: C, 51.82%; H, 6.32%; N, 3.92%.
2.2.3 1-(11-idrossiundecil)-3-metil-1H-imidazolium bromide (1-C;;-OH). In a round-bottom flask
1-N-methylimidazole 0.3mL (3.76mmol) and 11-bromo-1-undecanol 0.3mL (3.76 mmol) were
dissolved in 15 mL of ethyl acetate and left under stirring at 65°C for 24h. The mixture is filtered and
the solid washed several time with ethyl acetate. Quantitative yield (1,25 g).

Suitable crystals of 1-C11-OH for X-Ray diffraction were obtained by double layer
(Dichloromethane/Hexane). 1-C11-OH has been analysed by 'H-NMR, '*C-NMR, ESI-MS and X-
Ray Crystallography (Figure S13). 'H NMR (399.9 MHz, CDCl3): §(ppm): 10.78 (s, 1H, , NCHN),
7.23 (s, 1H, CHim), 7.19 (s, 1H, CHim), 4.36 —4.29 (m, 2H, CH2N), 4.14 (s, 3H, CH3N), 3.64 (t, J =
6.6 Hz, 2H, CH20), 1.98 — 1.88 (m, 2H, CH2CH2N) , 1.64 — 1.50 (m, 2H, CH2CH20), 1.40 — 1.19 (m,
14H, -CHz-). 3C-NMR (150.8 MHz, CDCI3): §(ppm): 138.1 (NCHN), 124.0 (CHim), 121.5 (CHim),
62.8 (CH20), 50.2 (NCHz), 36.8 (CH3N), 32.8-25.6 (-CH2-). ESI-MS (m/z): (+) 253 [M™]; (-) 79/81
[Br]. Anal. Caled (%) for CisH29N20: C, 71.10%; H, 11.54%; N, 11.05%. Found: C, 70.93%; H,
11.42%, N, 10.91%.

2.2.4 1-(11-((1H-imidazol-1-carbonyl)oxy)undecil)-3-methyl-1H-imidazolium bromide (1-C-
COIm). In a 50mL Schlenk 1,1’-carbonyldimidazole 0.438 g (2.70 mmol) and 1-C1-OH 0.299 g
(0.90 mmol) were dissolved in 10 mL of CH2Cl2 and left under stirring for 4h. The reaction mixture
was washed with water (2x20 mL) and organic layer dried over MgSOs, filtered and concentrated.
The white oil was washed several time with Et2O to leave a white solid. Quantitative yield (384 mg).
1-C1;-COIm has been analyzed by IR, "TH-NMR and "*C-NMR. 'H-NMR (399.9 MHz, CDCls):
d(ppm): 10.50 (s, IH, NCHN), 8.11 (s, 1H, CHim), 7.41 (s, 1H, CHim), 7.31 (s, IH, CHim), 7.30 (s,
1H, CHim), 7.05 (s, 1H, CHim) 4.41 (t, Juu = 8 Hz, 2H, CH20), 4.32 (t, Juu = 8 Hz, 2H, CH2N), 4.11
(s, 3H, CH3N), 1.90 (m, 4H, CH2CH2N), 1.79 (m, 4H, CH2CH20), 1.39-1.25 (m, 14H, -CHa-). 13C-
NMR (150.8 MHz, CDCI3): 6(ppm): 148.7 (OCN), 137.8 (CHim), 137.0 (CH im), 130.5 (CHim), 123.3

(CHim), 121.6 (CHim), 117.1 (CHim), 68.5 (CH20), 50.1 (NCH2), 36.7 (CH3N), 30.2-25.6 (-CHz-). IR



(CH2Clz, cm™): v 1760, 1732 cm™. ESI-MS (m/z): (+) 347 [M]", (-) 79/81 [Br]. Anal. Calcd (%) for
Ci9H31N402: C, 65.67%; H, 8.99%, N, 16.12%. Found: C, 65.34%; H, 8.87%; N, 16.35%.

2.2.5 1-(11-((((2,3-dihydrothyeno[3,4-b][1,4]dioxyn-2-il)methoxy)carbonyl)oxy)-undecil)-3-
methyl-1H-imidazolium bromide (1-Cy1). In a 50 mL Schlenk potassium tert-butoxide 0.099 g
(0.88 mmol) was suspended in 10 mL CH3CN. EDOT-OH 0.152 g (0.88 mmol) was added to the
solution and left under reflux for 2h. Solution was cool down to room temperature and 5 mL of
CH3CN solution containing 1-Cyq 0.377 g (0.88 mmol) was added dropwise. The reaction mixture
was left under stirring at room temperature overnight. Solvent was removed under vacuum. The
residue was dissolved in CH2Cl2 and washed with water (2x). Organic layers were dried over MgSOa,
filtered and concentrated. The oil was washed with Et2O to leave a white solid. Yield = 42% (196
mg).

1-C11 has been analyzed by IR, 'H-NMR and '*C-NMR. 'H-NMR (399.9 MHz, CDCl3):'"H-NMR
(599.7 MHz, CDCl3): 6(ppm): 10.61 (s, 1H, CHim), 7.30 (s, 1H, CHim), 7.23 (s, 1H, CHim), 6.35 (q,
2H, HCS), 4.40 (m, 1H, CHOEpoT), 4.34 (m, 2H, OC(O)OCHz2.ep0T), 4.31 (t, Jun = 8 Hz, 2H, CH2N)
4.25 (m, 1H, CH20gpoT), 4.15 (t, Jun = 8 Hz, 2H, CH20), 4.12 (s, 3H, CH3N) 4.06 (m, 1H, CH2,ep0T),
1.91 (m, 2H, CH2CH2N), 1.66 (m, 2H, CH2CH20), 1.32-1.22 (m, 14H, -CHz-). *C-NMR (150.8
MHz, CDCI3): d(ppm): 154.9 (OC(0)0O), 141.1 (Cg,epor), 140.9 (CqrpoT), 138.8 (NCN), 122.8
(CHim), 121.3 (CHim), 100.2 (SCeport), 100.0 (SCeport), 71.2 (CHOEDOT), 68.7 (CH20C(0)0), 65.4
(OC(O)OCHz2.epor), 65.3 (CH20€DOT), 50.4 (CH2N), 36.9 (NCH3), 30.3-25.6 (-CH2-). IR (CH2ClL):
v 1749cm™. ESI-MS (m/z): (+) 451 [M]"; (-) 79/81 [Br]. Anal. Calcd (%) for C23H3sN20sS: C,
61.17%; H, 7.81%; N, 6.20%. Found: C, 61.25%; H, 7.65%; N, 6.32%.

2.2.6 Dicarbonyl-(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one)[(1-(11-((((2,3-
dihydrothyeno[3,4-b][1,4]dioxin-2-i)methoxy)carbonyl)oxy)undecil)-3-methyl-ilidene)]iron
(2-C11). Imidazolium salt 1-Cy1 0.380 g (0.71 mmol), silver oxide 0.207 g (0.89 mmol), triscarbonyl-
(2,4-bis(trimethylsilyl)bicyclo[3.3.0]nona-1,4-dien-3-one)iron I 0.299g (0.71 mmol) and

trimethylammine-N-oxide 0.080 g (1.07 mmol) were reacted in CH3CN under inert atmosphere and



with protection from light. After stirring the reaction for 1h at room temperature, the solvent was
removed under vacuo, then the solid dissolved in toluene. The reaction mixture was stirred under
reflux for 1 h. Upon removal of the solvent, the crude was purified by neutral alumina column
chromatography using ethyl acetate/methanol (40/1). Yield: 50 % (298 mg).

2-C11 has been analyzed by IR, 'H-NMR, '*C-NMR, ESI-MS. 'H-NMR (399.9 CDCl3) § (ppm): 7.01
(s, 2H, CHim), 6.34 (q, 2H, SCH), 4.39 (m, 1H, CHOEpOT), 4.34 (m, 2H, OC(O)OCH2,EpO0T), 4.23 (M,
1H, CH20gpoT), 4.16 (t, 2H, CH2N), 4.11 (t, 2H, CH20), 4.07 (m, 1H, CH20gpoT), 3.91 (s, 3H,
CH3N), 2.41 (m, 4H, CHa2ex), 1.88 (m, 2H, CHzex), 1.77 (m, 2H, CH2CH2N), 1.70 (m, 2H, CHz2ex),
1.66 (m, 2H CH2CH20), 1.43 (m, 2H, CH2(CH2)2N), 1.4-1.28 (m, 12H, -CH2-), 0.164 (s, 18H,
CHstms). *C-NMR (150.8 MHz, CDCls, g-HSQC, g-HMBC) & (ppm): 217.0 (CO), 183.8 (Ccarbene),
175.9 (C=0Oc¢p), 154.9 (OCOO0O), 141.1 (Cqkpor), 140.9 (CqEpoT), 124.2 (CHim), 121.7 (CHim), 104.0
(Cs.4q), 100.2 (SCepot), 99.9 (SCepOT), 71.2 (CHOEDOT), 71.1 (C25q), 68.7 (CH20C(0)0), 65.4
(OC(O)OCHz.epor), 65.3 (CH20EDOT), 52.0 (CH2N), 40.3 (NCH3), 31.8 (CH2CH2N) 29.7-25.6 (-
CHa-), 24.4 (CHaex), 22.5 (CHz2ex), 0.2 (CH3tms). IR (CH2Clz2, cm™): (vco) 1982, 1921, 1747. ESI-
MS (m/z): 841 [M+H]", 863 [M+Na]’, 879 [M+K]". Anal. Calcd (%) for C40HeoN20sSSizFe: C,
57.13%; H,.7.19%; N, 3.33% Found: C, 57.05; H, 7.08; N, 3.27.

2.3 Electrochemical Studies. Cyclic voltammograms and chronoamperometric measurements were
performed on a CH1660C (CH Instruments) electrochemical analyser using a three-electrode cell:
depending on the working conditions, a spin-coated PEDOT:PSS electrodes (1 cm?) or a glassy-
carbon disk (0.071 cm?) or a graphite sheet (2 cm?) was used as the working electrode, a Ag/AgNO3
(0.1 M) as the reference electrode, and a platinum-wire as the counter electrode. All experiments were
performed under a nitrogen atmosphere and solutions were degassed for 10 minutes. All potentials
are referred to the saturated calomel electrode (SCE).

2.4 Electrochemical polymerisation of 2-Cy. The electrochemical polymerization was carried out
on the spin-coated PEDOT:PSS films. The electrosynthesis of 2-Cx was carried out, under a N2

atmosphere, potentiodynamically, by cyclic voltammetry, cycling one time in the potential range



between 0.0 V and 1.5 V at a scan rate of 0.05 V s, in a 0.1 M LiClO4 CH3CN solution containing
10 mM 2-C/EDOT (1:1) monomers. Prior to the application of the potential pulse, the CH3CN
suspension was vigorously stirred for 20 min. After the electrodeposition, the film was repeatedly
washed with deionized water to remove both the supporting electrolyte and the excess monomer and
finally allowed to dry in air.

2.5 SEM-EDS analysis preparation. The electrochemical polymerisation was carried out on a
platinum slide of 2 cm? by cyclic voltammetry. The platinum slide was previously cleaned by cyclic
voltammetry in a 0.1 M H2SO4 aqueous solution and then rinsed with ethanol in order to remove any
acidic residue. A blank measurement (i.e. platinum slide without polymer) showed no traces of
sulphur derived from the treatment with H2SOa.

2.6 Glucose Oxidase device preparation. A layer of glucose oxidase (GOx) was deposited over the
2-Cy/PEDOT film: 30 puL of 0.1 M phosphate buffer (pH 7.00) containing 10 mg GOx/mL was spread
over the copolymer films and dried at room temperature. A layer of chitosan was then applied in order
to avoid dissolution of the enzyme during analysis: 40 pL of 1% v/v acetic acid solution containing
4 mg chitosan/mL were drop-cast on the electrode surface and dried at room temperature. The

following scheme is a representation of the GOx device (Figure 1).

Sensor

S — . Ag contact

a— | Chitosan

| GOx layer

NHC-Fe complex NHC-Fe complex -Fe c
MNHC-Fe complex @
3 5

_% _L WL _OL _% 2-C,/PEDOT

| PEDOT:PSS
) | Glass slide

Figure 1. Scheme of the functionalized biosensor.



3. Results and Discussion

Two synthetic approaches have been developed in order to obtain EDOT-functionalized N-
heterocyclic carbene bis-carbonyl cyclopentadienone iron complexes with different side chain lengths
(Cs and Cn) suitable as monomers for immobilization on electrodes via electrochemical
polymerization. Variable linker length may in fact influence electrodeposition yield or activity
towards substrates. The order of reaction steps showed a high influence of the length of the lateral
chain (Cs or Ci1). Both the approaches exploit carbonyldiimidazole (CDI) as the coupling agent
between a -CH20H moiety of the hydroxymethyl-EDOT (EDOT-OH) and a primary alcohol moiety.
However, the functionalization with the shorter side chain (Cs) better occurs with the direct coupling
between the hydroxyl-functionalized N-heterocyclic carbene iron complex and EDOT-OH, while the
longer chain (C11) first required the functionalization of the imidazolium salt with EDOT, to be lately
employed as a precursor for the synthesis of the N-heterocyclic carbene iron monomer. Nevertheless,
both the approaches, better described in the following, allow to obtain functional monomers that can
be electrochemically polymerised in the form of thin films on conducting substrates.

3.1 Synthesis of EDOT functionalized iron N-heterocyclic carbene complexes 2-C3 and 2-Cy;
Compound 2-Cj3, bearing an hydroxypropyl substituent on a -(CHz2)3- side chain, has been synthesised
following the route showed in Scheme 1. Iron complex 2-C3-OH, prepared as previously described®
was coupled to an hydroxymethyl-EDOT (EDOT-OH) molecule exploiting CDI, leading to the
EDOT-iron monomer 2-C3. The synthesis of 2-C3 has been followed by IR spectroscopy observing
similar terminal CO stretching frequencies if compared with the 2-C3-OH precursor as expected.
Nevertheless, a new band appeared in the region of the carbonate moiety at 1748 cm™ (2-Cs: v(CO)
= 1981, 1921, 1748 cm™ vs. 2-C3-OH: v(CO) = 1981, 1921 cm™). 'H-NMR analysis shows signals
assigned to CHs of imidazole ring at 6.48 ppm, to CHs linked to S atom of EDOT at 6.07 ppm and to
the alkyl chain from 1.77 to 1.68 ppm. '*C-NMR spectra shows the diagnostic signals for the Fe-
Cearbene at 183 ppm, the carbonate carbon at 155 ppm, the pattern from the iron complex skeleton and

from the EDOT group (see Experimental for details). ESI-MS analysis confirmed the molecular



weight of the compound allowing the identification of 2-C3 molecular ion at (m/z): 729 [M+H]", 751

[M+Na]*,
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Scheme 1. Multistep synthesis of 2-Cs.

Complex 2-Cq1 has been prepared following a different approach, as described in the multi-step route
depicted in Scheme 2. This methodology foresees the initial coupling of the imidazolium salt with
EDOT-OH, followed by synthesis of the correspondent NHC-iron complex 2-Ci;.

New imidazolium salt 1-C11-OH was characterized by '"H-NMR, '3C-NMR and ESI-MS; moreover,
its structure, showing eleven CH2 in the lateral chain, was confirmed by single crystal X-Ray
Diffraction (see Experimental Section). 1,1’-Carbonyldimidazolole (CDI) was exploited as coupling
reagent between the —OH groups of 1-C11-OH and EDOT-OH through the formation of the
intermediate 1-C1;-COIm in order to get the corresponding imidazolium salt 1-Cy1 bearing an EDOT
functionality on the side chain. 2-Cy1 was then prepared following a procedure similar to that

3% consisting of a transmetallation reaction from a silver-NHC

previously reported by the group,
intermediate to the iron complex precursor FeCpO(CO)2(NCCH3) I, employing the 1-Cy; as carbene

precursor (Scheme 2).
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Scheme 2. Multistep synthesis of 2-Cij.

The synthesis of 2-Ci1 has been followed by IR spectroscopy observing a lowering in the CO
stretching frequencies ( 2-C11: v(CO) = 1982, 1921 cm™! vs. I: v(CO) = 1999, 1938 cm™) due to the
strong NHC o-donor properties, and the presence of the C=O stretching of carbonyl group at 1747
cm’! typical of a carbonate moiety. 'H-NMR spectrum shows signals assigned to CHs of imidazolium
ring at 7.01 ppm, to CHs linked to S atom of EDOT at 6.35 ppm and to the alkyl chain at 1.25 ppm.
I3C-NMR analysis shows the diagnostic signals for the Fe-Cecarbene at 184 ppm, the carbonate carbon
at 155 ppm and the pattern from the iron complex skeleton and from the EDOT group (See
Experimental for details). ESI-MS analysis confirmed the molecular weight of the compound
allowing the identification of 2-Cy1 molecular ion at (m/z): 841 [M+H], 863 [M+Na]*, 879 [M+K]".

In general characterization of 2-Cy; have been found comparable to the analogue 2-Cs.



2.2 Electrochemical copolymerisation

Both iron compounds were copolymerised with EDOT on PEDOT:PSS electrodes (see
Experimental). The use of co-monomer EDOT is necessary to obtain a regular film, since the steric
hindrance of the large iron-NHC tail is located in close proximity to the EDOT propagation centre.
2-C3 and 2-Cy1 were electrocopolymerized by cyclic voltammetry (one cycle in the potential range
between 0.0 and +1.5 V at a scan rate of 0.05 V s™!) from a 10 mM solution of 2-C3 or 2-C11 and
EDOT containing 0.1 M LiClOs4 as the supporting electrolyte. The immobilization strategies benefit
from the well-known oxidative polymerization of conductive polymers involving the thiophenic
moiety of the two monomers. Figure 2 shows the CVs obtained during the deposition of 2-Cy1 (red
line) and 2-C3 (black line) copolymers on PEDOT electrodes and exhibits two waves for both
monomers labelled. The wave I takes place at about 0.60 V for both monomers and is ascribed to the
redox process involving the iron complexes as suggested by the potential values of free complexes.’
The peak current takes a value of 5x10°A, that can be ascribed to only the oxidation Fe centres.
Therefore, no additional electron transfer occurs with the electrode surface suggesting this oxidation
is not involved in the polymerization processes. The waves II take place at potential higher than 1.1
V and the onset values are dependent on the spacer length. The oxidation of 2-Cy; monomer occurs
at the highest value highlighting the oxidation is more difficult for longer spacer. The waves II can
be ascribed to the oxidation of thiophenic moieties as suggested by the potentials that are close to the
values of similar EDOT monomers.*” The peak current are higher than the wave I indicating: 1) all
the monomers are involved in the reaction; II) the transfer of more than one electron occurs during
the reaction. Therefore, the oxidation of thiophenic units is the starting step of the polymerization.
The following steps are the coupling of just formed radical cations and the eliminations of 2 hydrogen
ions to form species with a higher molecular mass. Since the oligomers oxidation is easier than
monomer oxidation, the polymerization continues and the PEDOT chains are partially oxidized.

Electropolymerisation with more than one cycle (e.g. 4 and 10) resulted in poor stability of the iron



complex on the film. In order to obtain a homogeneous layer of copolymer over the surface, the best

ratio between the two monomers was identified as 2-Cy/EDOT 1:1.
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Figure 2. CVs obtained during electrochemical co-polymerization in a 0.1 M LiClOs in CH3CN

solution containing 10 mM 2-C;/EDOT(1:1) (red line) and 2-C3/EDOT(1:1) (black line). Scan rate:

0.1 Vsl

2.3 Characterisation of the 2-C3/PEDOT and 2-C{i//PEDOT coated electrodes
Both coated electrodes were characterised by CV in 0.1 M LiClO4 aqueous solution and the resulting

voltammograms are compared in Figure 3.
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Figure 3. CV curves recorded at the modified electrodes coated with 2-C11//EDOT(1:1) (red line) and

2-C3/EDOT(1:1) (black line) in 0.1 M LiClO4 aqueous solution. Scan rate: 0.05 V s7!.



In this potential window, the bare PEDOT:PSS electrode exhibits a pseudo-capacitve behavior that
is suggested by the typically rectagular-shape CV.*> The redox processesses are ascribed to the
oxidation/reduction of conductive polymer that are associated to the formation/disappearing of
polaron and bypolaron species. After the polymerization of the NHC-iron PEDOT films a new
reversible redox peak system appears in the voltammograms and the CV curve of both 2-Cy/PEDOT
coated electrodes is dominated by the faradaic and reversible signal of the NHC-iron complexes. The
two redox peaks are located at potentials of 0.64 V and 0.57 V for 2-Cy1 and at potentials of 0.61 V
and 0.57 V for 2-C3, values that are typical of cyclopentadienone N-heterocyclic carbene complexes.’
The stability of the functionalised polymer films was assessed by CV in aqueous and organic
environments containing 0.1 M LiClO4. While a dramatic 50% peak current decrease was recorded
in CH3CN after 25 cycles at 0.02 V s7!, the films showed good stability in aqueous solution (< 10 %
peak current decrease).

The polymeric films were also characterized by SEM-EDS. 2-Cx/PEDOTs were coated on a platinum
layer of 2 cm?, previously treated with acid as described in the Experimental Section. Figure 4 shows
SEM images of 2-Cy1 and 2-Cs. Differently from spin-coated films prepared from commercial
PEDOT:PSS suspensions, which typically exhibit a flat morphology, the electrodeposited films are

characterised by globular domains and higher roughness in accordance with the literature.®
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Figure 4. SEM maps of 2-Cy; (left) and 2-C3 (right) at 10.00 K X magnitude.



Furthermore, the EDS analysis allowed to measure atomic percentages of elements in a specific
region of the surface. Therefore, in our case, iron and sulfur were exploited in order to evaluate an
average ratio between 2-Cx/PEDOT. Sulphur value represents the sum of all 3,4 ethylen dioxy
tiophenic repeating units present in polymer, while iron value can be correlated to the number of
EDOT monomers bearing iron-NHC complexes. The values are reported in Table 1 and confirmed
the CVs observations. Indeed, a lower 2-C3/PEDOT ratio compared to 2-C11/PEDOT was found,
likely due to the shorter chain linker of 2-Ci;, hence a more steric influence on the

electropolymerisation mechanism.

Table 1.SEM-EDS analysis. S and Fe values of two copolymers coated on a platinum layer.

S value Fe value 2-Cyx/PEDOT 2-Cy/EDOT ratio
(%) (%) (%)
2-Cn ‘ 1.60+0.17 0.25+0.10 16 1/6

2-C3 ‘ 2.840.5 0.35+0.10 13 1/7

Finally, polymeric films were coated over a graphite layer of 2 cm? and characterised by ATR-IR
spectroscopy. The CO stretching frequencies were in accordance with a NHC-iron species covalently
bonded to the polymer (v(CO)Fe-C11: 2010, 1960 cm™; L(CO)Fe-C3: 2017, 1974 cm™). Stretching
frequencies experiences a shift to higher value compared to the same neutral complexes as monomer
(L(CO)Fe-Ci1: 1982, 1921 cm™!; v(CO)Fe-C3: 1981, 1921 cm™), that could be probably ascribed to
interaction between the PSS of the polymer PEDOT chain. Indeed, sulfonic group might engage a
hydrogen bond with cyclopentadienone, resulting in the observed shift.

Summarizing, the IR, SEM and EDS characterizations show the success of electrochemical
polymerization of PEDOT film modified by NHC complex. The presence of the characteristics iron
peak system in the CV curves confirms that the Fe complex maintains its redox activity after the

immobilization highlighting its use as redox mediator. To prove a possible utilization as redox



mediators the 2-Cx/PEDOT coated electrodes were tested in a widespread application, consisting in
glucose biosensing. To this aim, the 2-Cx/PEDOT film was further modified with a membrane
containing of the enzyme glucose oxidase (GOx) according to the procedure reported in the
experimental part.

Glucose determination was therefore realized wunder hydrodynamic conditions, by
chronoamperometry under magnetic stirring, at Eapp= 0.65 V with successive additions of glucose to
a phosphate buffer solution at pH 7.00. As an example, Figure 5 shows the current vs time graph
recorded by the biosensor obtained with the 2-C3/PEDOT device during seven successive glucose
additions, which have been carried out to increase its concentration of 3 mM in the solution under
investigation. Following each addition the current sharply increases, demonstrating that 2-
Cx/PEDOT can act as redox mediator in glucose biosensor. The current values are linearly correlated
with the glucose concentration.

Calibration curves were obtained by plotting the steady state current, measured after subtraction of
the base line current, vs. glucose concentration (see the inset in Figure 5). Two different 2-Cx/PEDOT
electrodes were prepared and the reproducibility and repeatability of the sensors were examined. For
a given 2-C3/PEDOT electrode, the relative standard deviation (RSD) was 3% for seventeen additions
of 3 mM glucose. These sensors presented a linear range between 3 mM and 51 mM and a mean
sensitivity of 7.5 pA M cm™. For a given 2-C11/PEDOT electrode, the relative standard deviation
(RSD) was 8% for seventeen additions of 3 mM glucose. These sensors presented a linear range

between 6 mM and 47 mM and a mean sensitivity of 6 pA M cm™.
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Figure 5. Chronoamperometric response at 0.65 V vs. SCE of PEDOT:PSS electrode coated with a
2-C3/PEDOT film, in 0.1 M LiClOs4 solution, and a layer of GOx/chitosan to increasing glucose

additions. The inset shows the relevant calibration curve.

3. Conclusions

Low cost PEDOT:PSS electrodes were functionalised with 2-Cx/PEDOT, by electrodeposition of co-
monomer 2-Cx and EDOT. Monomers 2-Cy; and 2-C3 have been synthesised following a clean and
easy reaction pathway that involve transmetallation from silver-NHC complexes to iron, employing
the appropriate imidazolium salt as carbene precursor. The NHC-iron complexes have been coupled
to a EDOT monomer exploiting the 1,1’-dicarbonylimidazole (CDI) as coupling reagent following
two different approach for different linkers length. The modified electrodes have been characterized
by CV, showing that the response of 2-Cx/PEDOT is dominated by the reversible faradaic signal of
the corresponding iron complex with the presence of two redox peaks located at 0.64 V and 0.57 V
for 2-Cy1 and at 0.61 V and 0.57 V for 2-Cj3, values typical of homogeneous iron cyclopentadienone,

N-heterocyclic carbene redox couple. Remarkably, the coatings are stable in aqueous solution.



To demonstrate the successful immobilization, and to make sure that iron complexes are covalently
bonded to the polymer chain, the coated electrodes have been characterized by ATR-IR and SEM-
EDS, the average copolymerisation ratio between 2-Cx/PEDOT found are: 1/6 for 2-Ci; and 1/7 for
2-C;.

After deposition of Glucose Oxidase enzyme (GOx) over the 2-Cx/PEDOT film, the device has been
assessed by analysing glucose in solution. Both sensors present comparable activity, among which 2-
C3 is the best with a linear range between 3 and 51 mM and a mean sensitivity of 7.5 uA M cm™.
Although the sensor needs to be further developed for practical application, the possibility of
immobilisation with various linkers and of fine-tuning of NHC-iron complexes both on
cyclopentadienone substituents and on N atoms of carbene, paves the way for new developments on

chemically modified electrodes.
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