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ABSTRACT: A mixed valence diiron(II/III) complex with the ligand 2,6-bis{bis[(2-pyridinylmethyl)amino]methyl}-phenol 
(bppH) has been covalently anchored onto graphene using a mild in situ microwave-assisted diazonium coupling through 
an aryl amino precursor and isoamyl nitrite. A dinuclear iron complex is then formed by complexation of the grafted bppH–
graphene material with iron(II) in the presence of dioxygen. X-ray photoelectron spectroscopy (XPS), atomic force 
microscopy, cyclic voltammetry, scanning transmission electron microscopy, energy-dispersive X-ray spectroscopy and 
electron paramagnetic resonance (EPR) spectroscopy confirms the formation of the anchored ligand and derivative diiron 
complexes. Semi-quantitative XPS analysis shows an average bppH ligand bulk loading of 0.33 mmol/g, corresponding to a 
significant 20.7 wt% of the functionalized material consisting of grafted moieties. EPR measurements reveal the existence 
of a strong isotropic S = 1/2 spin center associated with the graphene lattice, together with a much weaker S = 5/2 signal, 
associated with the iron(III) center of the grafted complex. The grafted complex is redox-active with surface-confined 
FeIIFeII → FeIIFeIII (+0.56 V vs. NHE), FeIIFeIII → FeIIIFeIII (+0.73 V) and FeIIIFeIII → FeIIIFeIV (+0.95 V) redox processes 
accessible, with an estimated surface coverage of 58 pmol cm–2 established from the electrochemical measurements.

INTRODUCTION
The extraordinary electrical and mechanical properties 

of single-layered graphene1 makes it an ideal substrate for 
surface decoration with redox-active moieties such as 
transition metal complexes. Redox-active materials based 
on the surface-decoration of graphene with organic and 
transition-metal functionalities represents an as yet largely 
unexplored class of graphene-based nanocomposite 
materials2–5, which can be envisaged to be useful in areas 
as diverse as energy-storage, electrochemically-assisted 
catalysis and development of micron-sized arrays and 
sensor devices.6–9 Such a class of nanocomposite materials 
would be able to form a bridge between molecular devices 
and conventional heterogeneous materials - taking the 
best from both worlds in terms of the activity and 
selectivity of the molecular designs in combination with 
the stability, processability and scalability of 
heterogeneous materials.5,10

While some examples exist of covalent functionalization 
of graphene and other carbon-based materials, such as 
carbon nanotubes, with small molecules such as the 
diazonium salts of aniline and its para-substituted 
derivatives,11–14 to date only a few examples exist showing 
that it is possible to attach more elaborate, and potentially 

more interesting and functionally active assemblies.15–18 
These examples include photoelectrochemically active 
cobalt phthalocyanines covalently anchored onto 
graphene-type materials,15,19–21 RuCl2(PPh3)3 attached to 
graphene for use in hydrogenation catalysis,22 and 
tris(bipyridine)-ruthenium(II) for photo-induced 
electrochemical sensing and hydrogenation catalysis.23,24 
Iron coordination complexes tend to show greater lability 
compared to the aforementioned  systems. This is certainly 
reflected by the fact that the presence of iron in 
metalloenzymes is extensive. A few relatively stable 
iron(II)-based systems have all been anchored onto 
graphene. These include FeII-terpyridine-complexes,25,26 

ferrocene,16,27,28 and ferric porphyrin.29 For iron, these are 
rigid and stable complexes. No examples with more redox-
flexible and less rigid iron-complexes, i.e., non-heme iron 
type complexes, have been reported to date.

In this work, chemically converted graphene with 13.6 
atom% O, resulting from the presence of oxygen-bearing 
functionalities, was selected for investigation as this bulk 
graphene derives from non-graphitic precursors processed 
via a scalable, low-cost and thus more sustainable solvo-
thermal method.30–32 Microwave-assisted exfoliation and 
diazonium-based coupling strategies are emerging as one 
the most practical means of covalently modifying carbon-
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2

based materials.13,33,34  This is due to the relatively mild 
conditions and the wide range of solvents tolerated 
(including water). Futher the diazonium salts can be 
generated in situ, which is especially convenient from a 
synthetic perspective.12,35

Scheme 1. Molecular structures of substituted R1-
bppH and derived bis-acetate and bis-(aquo-hydroxo) 
iron(II)-iron(III) complexes of R1-bpp−

OH
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R1 = NO2, p-nitro-bppH
R1 = NH2, p-amino-bppH
R1 = tert-butyl, tert-butyl-bppH

R2 = tert-butyl, [Fe2(tert-butyl-bpp)(OAc)2]2+ and derivative after hydrolysis, 
[Fe2(tert-butyl)(OH)2(H2O)2]2+ (“resting state” in Scheme 3)
R2 = graphene, [Fe2(graphene–bpp)(OAc)2]2+ and derivative after hydrolysis, 
[Fe2(graphene–bpp)(OH)2(H2O)2]2+ (“resting state” in Scheme 3)

The phenolate-hinged dinucleating 2,6-bis{[bis(2-
pyridylmethyl)amino]methyl}-phenolato(1-)FeIIIFeII 
complex core (Fe2(bpp)), Scheme 1, was selected for use in 
this study. A range of transition metal complexes based on 
this scaffold, such as 2,6-bis{[bis(2-pyridylmethyl)amino] 
methyl}-4-(tert-butyl)-phenolato(1-) (abbreviated in this 
work as tert-butyl-bpp, Scheme 1) with Fe36–38 and Mn39 
have previously been reported as models for both the 
structure and redox reactivity of metalloenzymes (such as 
purple acid phosphatase and catalase). Additionally, the 
crystal- and molecular structures of various binuclear iron 
and 4-(tert-butyl)-bpp complexes are known and the 
molecular properties have been studied in detail.36–38

The elemental composition, the degree of grafting and 
the nature of the covalent linkers, together with the 
electrochemical properties of the grafted complex, have 
been examined in detail using a battery of techniques 
including X-ray photoelectron spectroscopy (XPS), atomic 
force microscopy (AFM), cyclic voltammetry (CV), 
scanning transmission electron microscopy (STEM), 
energy-dispersive X-ray spectroscopy (EDX), Time of 
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) and 
electron paramagnetic resonance (EPR).

EXPERIMENTAL SECTION
Materials. Unless otherwise noted, commercially 

available reagents were purchased from Sigma-Aldrich or 
Alfa Aesar and used without further purification. All 
organic solvents were of spectrophotometric or HPLC Plus 
grade and used without further purification. All other 
reagents employed in this study were of analytical grade. 
Bis(2-pyridylmethyl)amine and [FeIIFeIII(tert-butyl-
bpp)(CH3CO2)2](ClO4)2 (tert-butyl-bpp = 2,6-
bis{[bis(pyridin-2-ylmethyl)amino]methyl}-4-(tert-

butyl)phenolate) were prepared according to literature 
procedures.36,38 Aqueous solutions were prepared using 18 
MΩ cm water from a Millipore Milli-Q system. Electrolyte 
solutions were prepared using 99.99% NaClO4·H2O. 
Carbon adhesives and copper grids (400-mesh) for 
electron microscopy, silicon wafers for ToF-SIMS, mica for 
AFM and indium foil for XPS were purchased from Ted 
Pella. Graphene powder (83 wt% carbon) was purchased 
from Carbon Allotropes (Australia) and used as received.

Instrumentation. Elemental analyses were performed 
at the Chemistry Department at Copenhagen University. 
IR spectra were recorded on a PerkinElmer Spectrum Two 
ATR FT-IR spectrometer. 1H- and 13C-NMR spectra were 
recorded on a Bruker AVANCE III 400 spectrometer. 
Microwave reactions were performed in an Anton Paar 
Monowave 300 Microwave Reactor under argon. 
Electrospray Ionization (ESI) mass spectra were recorded 
on a nanospray MS Bruker micrOTOF-Q II spectrometer. 
EPR spectra were recorded on a Bruker EMX Plus X‒band 
CW spectrometer using an ER 4103 TM110 cavity. CVs were 
recorded on a CH Instruments 600D electrochemical 
analyzer using a standard 3-electrode setup with a glassy 
carbon disk (nominal diameter: 0.3 cm) working electrode, 
a Pt wire counter electrode and an Ag/AgCl (3 M KCl) 
reference electrode. The working electrode was polished 
with alumina (0.05 µm) and sonicated in methanol and 
water prior to use. Potentials were referenced to the NHE 
by adding +0.25 V. This calibration value was determined 
using the [FeIII(CN)6]3-/[FeII(CN)6]4- couple (10 mM, 0.5 M 
KCl, E½ = 0.456 V vs. NHE)40 as standard. The 
electrochemically active surface area of the working 
electrode was estimated at 0.12 cm2 using K3[FeIII(CN)6] as 
a probe. Hexacyanoferrate can show sensitivity to the 
surface chemistry of the working electrode as its main 
mechanism of action during electron transfer is outer-
sphere in nature.41 This can result in the electrochemically 
active surface area being underestimated. Aqueous 
working conditions are employed in this study, thus more 
inert electron-transfer probes such as ferrocene, 
[Ru(NH3)6]3+ or [Os(bpy)3]2+ (bpy = 2,2′-Bipyridine) could 
not be utilized, due to the lack of hydration stability and 
solubility, respectively, in aqueous solution. All peak 
currents and peak potentials were obtained through 
Gaussian curve deconvolution with corresponding 
polynomial or spline background subtraction. 

XPS spectra were recorded on a Thermo ESCALAB250Xi 
instrument with samples manually pressed onto In foil and 
irradiated under vacuum with monochromatic Al Kα 
radiation (1486.68 eV). Spectra were deconvoluted using a 
Shirley background correction and peaks fitted using 
pseudo-Voight line shapes. STEM/EDX analyses were 
performed on either a Philips CM200 instrument (operated 
at 200 keV) equipped with a field emission gun (extraction 
voltage set at 4.48 kV) interfaced with a Bruker QUANTAX 
EDX spectrometer or on a FEI Tecnai G2 20 instrument 
(operated at 200 keV) interfaced with an XFlash 6|30 EDX 
detector and a MOXTEK AP3.3 super light element 
window. AFM measurements were made on a Bruker 
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Dimension Icon SPM instrument operated in PeakForce 
tapping mode with a Bruker SCANASYST-AIR probe. Time 
of Flight Secondary Ion Mass Spectrometer (ToF-SIMS) 
analyses were carried out with an ION-TOF TOF.SIMS 5 
spectrometer. Surface analysis was performed in static 
positive secondary ion mode. Spectra were acquired using 
Bi1

+ as the primary ion projectile at a dose of ~6.37 × 108 
ions/cm2 at 30 keV which was rastered on a 100 × 100 μm2 
surface area. All SIMS spectra were calibrated internally to 
signals of [C4H9]+, [C3H7]+, [C2H5]+, or [CH3]+.

Theoretical surface coverage calculations. The 
theoretical maximally obtainable surface coverage of the 
bppH ligand on graphene was calculated using the model 
compound tert-butyl-bppH to estimate the distance (H) of 
sp3-C from graphene to the far end of the bppH ligand and 
to calculate the radius (r) of the bppH ligand. The 
geometry of Fe2(bpp) grafted on graphene was estimated 
using the analogous molecular structure of acetate-bridged 
[FeIIFeIII(tert-butyl-bpp)(CH3CO2)2](ClO4)2 derived from 
single-crystal X-ray diffraction.36

The theoretical maximally attainable surface coverage 
value (Γ, expressed in mol cm-2) for a bppH monolayer on 
graphene was estimated assuming that bppH ligands form 
a hexagonal close packed monolayer on one of the 
graphene surfaces (Equation 1):42

Equation 1
Here r (in Å) is the radius of the cylinder, which 

represents the volumetric container confining a steric 
bppH group with a rotation of the widest pyridyl moieties 
along the central phenoxy axis. Such a model is valid for 
materials where the functionalization process is governed 
by steric repulsion effects and where the host material does 
not predominantly exist as single sheets but are stacked in 
layers, leaving, on average, only one side of the sheets free 
to be functionalized. This enables a calculation of the 
theoretical maximally attainable surface coverage for bppH 
on graphene of 82 pmol cm–2.

Sodium 4-nitro-2,6-bis[(bis(2-pyridylmethyl) 
amino)]-methylphenolate (Na[p-nitro-bpp]). Bis(2-
pyridylmethyl) amine (16.4 g, 82.3 mmol), 4-nitrophenol 
(2.89 g, 20.8 mmol) and para-formaldehyde (2.71 g, 90.2 
mmol) were dispersed in 50 % aq. ethanol and refluxed for 
9 days under dry nitrogen. The resulting reddish-brown 
solution was reduced in volume by rotary evaporation and 
the pH of the residual aqueous suspension adjusted to ~10 
with NaOH pellets. The alkaline suspension was extracted 
with ethyl acetate (4×120 mL) and the combined organic 
phases dried (Na2SO4), gravity filtered and rotary 
evaporated to leave a light brown oil. The oil was triturated 
with diethyl ether (4×80 mL) to give a mustard coloured 
solid. Recrystallization from boiling acetone gave a canary 
yellow solid (8.85 g, 72 %). Rf (SiO2, acetone) = 0.32. Anal. 
Calc. for C32H30N7NaO3: C, 65.86; H, 5.18; N, 16.80. Found: 
C, 65.16; H, 5.30; N, 15.95. 1H NMR (400 MHz, DMSO-d6), δ 

(ppm): 8.47 (d, J = 4.1 Hz, 4H, PyH), 8.03 (s, 2H, ArH), 7.74 
(td, J = 7.7, 1.6 Hz, 4H, PyH), 7.56 (d, J = 7.8 Hz, 4H, PyH), 
7.23 – 7.19 (m, 4H, PyH), 3.71 (s, 8H, 4CH2), 3.46 (s, 4H, 
2CH2). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 178.3, 159.5, 
148.7, 136.5, 127.5, 125.9, 125.3, 122.3, 121.8, 59.8, 53.9. ESI-
MS(CH3CN), m/z: 363.15 ([(M − − NH(CH2Py)2) + 2H]+, 
79%), 562.25 ([M − + 2H]+, 100%), 584.25 ([M − + Na + H]+, 
29%). Spectra available in Supplementary Information 
(Figures S1, S2 and S3).

4-amino-2,6-bis[bis(2-pyridylmethyl)amino)] 
methyl-phenol (p-amino-bppH). Sodium 2,6-bis[(bis(2-
pyridylmethyl)amino)methyl]-4-nitrophenolate (5.00 g, 
8.9 mmol) was dispersed in absolute ethanol (200 mL). The 
reaction flask was evacuated, followed by flushing with dry 
nitrogen. A slurry of 10% Pd/C (428 mg) in 
dichloromethane (10 mL) was added and the system 
evacuated and flushed with H2. The suspension was stirred 
at ambient temperature for 19 h. Celite (3 g) and water (2 
mL) were added and the slurry filtered off by vacuum 
filtration on a Buchner funnel. The filter cake was washed 
clean with acetone and the combined filtrates further 
subjected to gravity filtration to give a clear yellow 
solution. Rotary evaporation of the solution followed by 
drying under vacuum afforded the product as a dark brown 
viscous oil (4.59 g, 97%). 1H NMR (400 MHz, DMSO-d6), δ 
(ppm): 8.50 (d, J = 4.8 Hz, 4H, PyH), 7.73 (td, J = 7.7, 1.8 Hz, 
4H, PyH), 7.49 (d, J = 7.8 Hz, 4H, PyH), 7.26 – 7.23 (m, 4H, 
PyH), 6.54 (s, 2H, ArH), 3.75 (s, 8H, 4CH2), 3.59 (s, 4H, 
2CH2). 13C NMR (100 MHz, DMSO-d6), δ (ppm): 158.3, 148.3, 
146.1, 139.5, 136.1, 123.6, 122.2, 121.7, 114.8, 58.5, 53.6. ESI-MS 
(CH3CN), m/z: 200.12 ([NH(CH2Py)2 + H]+, 32%), 333.17 
([(M – NH(CH2Py)2) + H]+, 100%), 355.15 ([(M  − 
NH(CH2Py)2) + Na]+, 21%), 373.20 (99%), 532.26 ([M + H]+, 
54%), 554.26 ([M + Na]+, 19%), 572.31 (44%), 594.29 (12%). 
IR (NaCl film), ν (cm-1): 1717 (w), 1596 (s, br), 1567 (s), 1472 
(vs, br), 1430 (vs, br), 1364 (s), 1261 (m), 1122 (m), 1217 (m), 
1000 (w), 767 (w). Spectra available in Supplementary 
Information Figure S4, S5 and S6.

{2,6-bis[(bis(2-pyridinylmethyl)amino)methyl]-
phenol}-graphene (graphene−bppH). Graphene (10 mg, 
0.83 mmol) and sodium dodecyl sulfate (1 mL from a 1 
mg/mL stock, 4 µmol) was dispersed in 3:2 
acetonitrile/water (37 mL) by sonication for 30 min. After 
purging the solution with argon, p-amino–bppH (222 mg, 
0.42 mmol) and isoamyl nitrite (84 µL, 0.63 mmol) were 
added and the suspension stirred for a further 2 h in the 
dark under an atmosphere of argon. The reaction mixture 
was transferred under an atmosphere of argon to a 
microwave vial and microwave irradiated under stirring 
(200 W, 60 °C) for 160 min. After cooling to ambient 
temperature, the crude graphene powder was isolated by 
vacuum filtration (PTFE membrane, 0.2 µm) and washed 
extensively with dimethylformamide, ethanol, acetonitrile, 
methanol, and finally acetone through dozens of cleaning 
cycles with dispersion, sonication and filtration (3×20 mL 
per solvent). Drying under vacuum (75 °C, 8 h) afforded the 
product as a black solid (9 mg).
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Physisorbed p-amino-bppH/graphene. Prepared 
using the same protocol as for graphenebppH, with the 
exception that no isoamyl nitrite was added.

[Fe2(graphene–bpp)(CH3CO2)2]2+ 
(Fe2(graphene‒bpp)). graphenebppH (7.6 mg) was 
dispersed in methanol (7.6 mL) by sonication for 15 min. 
Fe(ClO4)2(H2O)x (150 µL from a ~40 mM stock, ~6 µmol) 
and sodium acetate (400 µL from a 50 mM stock, 20 µmol) 
was added. After stirring overnight in air, the product was 
isolated by vacuum filtration (PTFE membrane, 0.2 µm), 
washed thoroughly with methanol and dried under 
vacuum (100 oC) to afford the product as a black solid (7 
mg).

Physisorbed FeOx/graphene. Prepared using the same 
protocol as for loading graphenebppH with Fe, except for 
the use of unfunctionalized graphene.

Samples for surface analyses. Graphene and 
functionalized graphene samples were suspended in 
methanol (~0.1 mg/mL) by gentle sonication and drop-cast 
onto appropriate solid supports followed by drying in air 
under an infrared lamp. Silicon wafers were used for ToF-
SIMS. Copper grids coated with holey or lacey carbon 
adhesive were used as supports for STEM. Freshly cleaved 
mica was used as the substrate for AFM.

Optimization of grafting conditions with N-(4-
amino-2-chlorophenyl)acetamide. Graphene (10 mg, 
0.83 mmol) was dispersed in the exfoliation medium (26 
mL, see Table 1) by sonication for 30 min. After purging the 
solution with argon, N-(4-Amino-2-chlorophenyl) 
acetamide (77 -154 mg, 0.42 - 0.84 mmol, see See Table 1) 
and isoamyl nitrite (84 - 169 µL, 1.25 - 0.63 mmol) were 
added and the suspension stirred for a further 2 h in the 

dark under an atmosphere of argon. Depending on the 
reaction conditions (See Table 1), the reaction mixture was 
either heated in an oil-bath under an atmosphere of argon 
under stirring at 65 oC for 25 h or transferred under an 
atmosphere of argon to a microwave vial and microwave 
irradiated under stirring (100 W, 60 °C) for 90 min. After 
cooling to ambient temperature, the crude graphene 
powder was isolated by vacuum filtration (PTFE 
membrane, 0.2 µm) and washed extensively with 
dimethylformamide, ethanol, acetonitrile, methanol, and 
finally acetone through dozens of cleaning cycles with 
dispersion, sonication and filtration (3×20 mL per solvent) 
and dried under vacuum.
Table 1. Pilot experiments with N-(4-amino-2-
chlorophenyl)acetamide for optimizing grafting 
conditions.

# Solvent Conditions C : 
Aniline: 
Nitrite 2

SD
S

1 3:2 CH3CN/H2O Thermal 4:2:3 Yes
2 2:3 

CH3CN/ODBC1
Thermal 4:2:3 No

3 3:2 CH3CN/H2O Thermal 2:2:3 Yes
4 2:3 CH3CN/ODBC Thermal 2:2:3 No
5 3:2 CH3CN/H2O Microwave 4:2:3 Yes
6 2:3 CH3CN/ODBC Microwave 4:2:3 No

1 ODBC: 1,2-dichlorobenzene.   2 C: Aniline: Nitrite, 
represents the molar ratio of carbon from graphene (assuming 
all 10 mg of graphene used consisting of pure carbon), N-(4-
Amino-2-chlorophenyl)acetamide, and isoamyl nitrite.

Scheme 2. Synthesis and coupling of p-amino-bppH on graphene and complexation of grafted bppH with 
iron(II)/iron(III).
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Isoamyl nitrite
in aq. MeCN,
0.25% SDS
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Modified carbon electrodes. Fe2(graphene‒bpp) (3 
mg) and Nafion-117 (43 µL of a 5 wt% stock, ~6.5 mg) in 
methanol (157 µL) were sonicated for 15 min until a 
homogeneous ink was formed. The ink (~5 µL) was drop-
cast onto a freshly cleaned glassy carbon surface (3 mm) 
and allowed to dry in air. The modified electrodes were 
activated by several successive scans at 200 mV s–1 in 0.1 M 
aq. NaClO4 until the voltammograms stabilized. Controls 
of glassy carbon/nafion electrodes with unfunctionalized 
graphene and FeOx/graphene were prepared similarly.

RESULTS AND DISCUSSION
Initial Optimization of Grafting Conditions
The optimal conditions for the diazonium grafting, were 

determined initially, using N-(4-amino-2-chlorophenyl) 
acetamide as a elemental probe, by systematically varying 
the reaction medium, the reagent stochiometry and the 
heating source. Commercially available N-(4-amino-2-
chlorophenyl) acetamide was used as probe due to its N- 
and Cl-content. The corresponding diazonium salt was 
generated in situ using isoamyl nitrite, which is soluble in 
organic solvents. The effectiveness of the different grafting 
conditions were evaluated using XPS spectroscopy in order 
to determine the N and Cl content of the grafted graphene 
materials under these different conditions (See Table 1 and 
Supplementary Information Table S1 and Figure S7). These 
pilot studies revealed that a combination of aqueous 
acetonitrile with surfacant as the medium and microwave-
assisted heating provided the best conditions for efficient 
functionalization of graphene.

Preparation of graphene‒bppH and 
Fe2(graphene‒bpp)

The covalent attachment of bppH onto graphene was 
achieved using the optimized microwave-assisted 
diazonium coupling conditions, determined above.

Scheme 2 outlines the grafting protocol, where the 
diazonium salt is generated in situ from isoamyl nitrite and 
the p-amino phenol derivative of bppH (p-amino-bppH). 
Whilst p-amino-bppH is a known compound,43 the 
previously reported synthesis proved unfeasible for gram 
scale preparations so a new scalable synthesis was devised. 
Briefly, we first prepared the sodium salt of the p-nitro 
phenol derivative in good yields through a one-pot 
Mannich reaction. The nitro group was then reduced with 
hydrogen over Pd/C to give p-amino-bppH in almost 
quantitative yield.

Complexation of graphenebppH with iron(II) and 
iron(III) was carried out under non-aqueous conditions 
using iron(II)-diperchlorate in the presence of O2 and 
sodium acetate, yielding Fe2(graphene−bpp).

Surface characterization of Fe2(graphene‒bpp)
STEM-EDX measurements of the exfoliated 

Fe2(graphene‒bpp) revealed that the material consists of 
two different populations of graphene sheets present in 
roughly equal amounts, with flakes being either heavily 
grafted with Fe2(bpp) moieties, or only very weakly grafted, 
Figure 1 (and Supplementary Information Figures S8 and 
S9). This indicates that the graphene sheets were not 
completely exfoliated during the microwave-assisted 
functionalization process and, as a consequence, only the 
surface exposed sheets were optimally functionalized. 
AFM thickness measurements (ESI, Figure S10) 
corroborate this and indicate that the unfunctionalized 
graphene starting material exists in the form of several 
stacked layers. While AFM is not well-suited for the exact 
quantification of the numbers of layers, it still provides 
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6

good qualitative indications.44 TEM micrographs show that 
the surface of the Fe2(graphene‒bpp) flakes, which are ~3 
µm in diameter, have undergone drastic morphological 
changes compared to the unfunctionalized and weakly 
functionalized graphene sheets. Whereas the 
unfunctionalized graphene flakes exhibit smooth 
untextured surfaces (ESI, Figure S8), the surfaces of the 
Fe2(graphene‒bpp) flakes are very rugged and highly 
wrinkled. On the nanometer scale, these are clearly visible 
as patterns of very regularly spaced small motifs. The 
patterning is distinct from that typically observed for 
deposited nanoparticles, which tend to aggregate into 
domains (e.g. crystalline or amorphous iron oxides, 
FeOx).45–47 Selected area electron diffraction (SAED) 
measurements reveal that the functionalized sheets are 
amorphous or weakly polycrystalline, consistent with 
partial disruption of the π-conjugated matrix due to the 
heavy functionalization. Energy-dispersive X-ray (EDX) 
spectroscopy (Figure 2) confirms the findings from STEM. 
Interestingly, the EDX maps clearly show that the N and Fe 
content, while distributed through all of the 
Fe2(graphene‒bpp) flakes, are most intensely associated 
with the wrinkles and edges of the flakes. This suggests 
that edge functionalization is the most predominant 
functionalization mode, with the inner parts only 
functionalized to a lesser degree. This is likely due to steric 
effects.48

ToF-SIMS measurements (ESI, Figures S11) on 
Fe2(graphene‒bpp) reveal several pyridyl-related fragment 
ions, associated with the bppH ligand (assignments in ESI, 
Figure S12 and Tables S2-4), at m/z = 91.06 ([C6H5N]+, 
relative abundance = 9.5 %), 92.06 ([C6H6N]+, 79.6 %), 
93.06 ([C6H7N]+, 65.3 %), 133.06 ([C8H9N2]+, 11.9 %), 147.09 
([C9H11N2]+, 20.9 %) and 222.12 ({Na[C12H13N3]}+, 2.2 %) 
together with relatively weak phenoxy fragment ions at 
m/z = 117.02 ([C8H5O]+, 2.1 %) and 119.07 ([C8H7O]+, 1.0 %). 
None of these ions were present in the ToF-SIMS spectra 
of unfunctionalized graphene.

Figure 1. (a) TEM image of a selected heavily grafted 
Fe2(graphene–bpp) flake. (b, d) HR TEM images revealing 
finely patterned surface texture from Fe2(bpp) grafting. (c) 
Selected area electron diffraction (SAED) pattern, showing 
absence of diffraction lines. TEM images of unfunctionalized 
graphene and weakly grafted Fe2(graphene–bpp) are available 
in the Supplementary Information (Figure S8 and S9).

Figure 2. EDX elemental mapping of a selected heavily grafted 
Fe2(graphene−bpp) sheet, showing (a) Carbon K-edge (blue 
color), (b) Oxygen (green), (c) Nitrogen (red), (d) Iron 
(yellow), and corresponding (e) energy- and (f) line-scan 
spectra.
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7

An intense signal at m/z = 55.94, with an isotope pattern 
consistent with Fe+, was also evident in the Fe2(graphene–
bpp) spectra and the molecular reference [Fe2(tert-butyl-
bpp)(CH3CO2)2](ClO4)2. Observation of this “naked” Fe+ 
ion, indicates that the ionization has been harsh enough to 
demetallate the complexes.

In the spectra of Fe2(graphene–bpp), higher molecular 
weight bppH derived fragment ions and clusters are also 
evident, at m/z = 252.01 ([C14H25N3O]+, 1.3 %), 267.03 
([C16H17N3O]+, 1.2 %), 281.01 ([C16H17N4O]}+, 5.4 %), 325.07 
([C19H25N5O]+, 2.0 %), 385.04 ([C23H23N5O]+, 1.0), 400.01 
([C24H26N5O]+, 0.70%) and 460.05 ({Na[C27H27N5O]}+, 
0.36%). An ion at m/z = 513.07, consistent with a •bppH 
fragment ([C32H29N6O]+) was observed only in the spectra 
of [Fe2(tert-butyl-bpp)(CH3CO2)2]2+. This ion was not 
observed in Fe2(graphene–bpp). This suggests that the 
Fe2(bpp) moieties are strongly anchored to the graphene 
matrix making simple detachment without partial 
destruction of the ligand framework impossible.

EPR analysis
The magnetic properties of Fe2(graphene‒bpp) was 

probed with electron paramagnetic resonance 
spectroscopy (EPR) (see Figure 3) which revealed the 
presence of a strong axial low-spin signal at g’ = 1.99 
together with a much weaker high-spin signal at g’ = 4.14.

EPR activity has often been observed in reduced 
graphene oxide and functionalized graphene-derived 
materials and is ascribed either to the presence of stable 
“edge” states with unpaired electrons, caused by 
defects,49,50 or from edge effects due to nanoscale 
dimensions.51,52 Given the presence of considerable defects 
in the π-conjugated graphene lattice due to the 
functionalization of Fe2(graphene‒bpp) together with the 
medium-to-broad linewidth of ~5 mT (peak-to-trough), 
indicative of relatively fast spin-lattice relaxation, and the 
fact that the low-spin signal is observable even at room 
temperature, we assign this strong S = 1/2 signal to the 
graphene matrix of Fe2(graphene‒bpp).49

The high-spin g’ = 4.14 signal coincides with that 
observed for the molecular complex [Fe2(tert-butyl-
bpp)(CH3CO2)2]2+, which gives rise to a rhombic S = 5/2 
signal due to the iron(III) center in the same magnetic field 
region. This is consistent with this weak g’ = 4.14 signal 
arising from the S = 5/2 iron(III) center of the grafted 
complex. Double integration gives a rough estimate of the 
iron content, as contributing to <5 % of the total EPR-
active content of the sample.

Octahedral Fe(II) centres are silent in X-band EPR 
spectroscopy, since both the low-spin (S = 1) and the high-
spin (S = 2) configurations will give rise to non-Kramer’s 
doublet ground states. Observation of a high-spin iron(III) 
signal, indicates either a weakly, or magnetically 
uncoupled, mixed valence FeIIFeIII ground state or a 
FeIIIFeIII ground state. Formation of a mixed valence core 
would be consistent with what has previously been 
observed in the preparation of molecular complexes with 
tert-butyl-bppH. In the presence of air this ligand reacts 

with iron(II) and sources of auxiliary ligands (X) to form 
mixed valence [FeIIFeIII(tert-butyl-bpp)(X)2]2+ 
complexes.36,37 The iron centres in the molecular complex, 
[FeIIFeIII(tert-butyl-bpp)(CH3CO2)2]2+ are 
antiferromagnetically coupled and the coupling constant 
was measured to be only J = −4 cm−1.36 This explains the 
non-quenched EPR activity.

Figure 3. X-band EPR spectra (100 K). Solid-state spectrum of 
Fe2(graphenebpp) (0.5 mg powder, red line), reference 
spectra: Dissolved [Fe2(tert-butyl-bpp)(CH3CO2)2](ClO4)2 (10 
mM in CH3CN, blue line) and blank spectrum of CH3CN 
present (black line). The weak signal marked with asterisk (*) 
~340 mT is due to the coil of the thermal probe.

Thus, in analogy to the synthesis of the molecular parent 
complexes, oxidation of one of the iron(II) centers is 
proposed to occur through the in situ reaction with aerial 
O2, Equation 2 (X‒ = CH3CO2

‒). Charge neutrality dictates 
that the divalent complex cation is accompanied by two 
anions. These can be either perchlorate anions, or they 
may arise from deprotonation of oxygen functionalities on 
the graphene (e.g. phenolate anions or carboxylate anions).

graphene‒bppH + 2 Fe2+  +  2 X‒  +  1/4 O2    ⟶    
                  [FeIIFeIII(graphene‒bpp)(X)2]2+   +  1/2  H2O

Equation 2

XPS analysis and bulk loading of 
Fe2(graphene‒bpp)

Quantitative analysis of the XPS spectra was used to 
estimate the extent of grafting and the types of bonds 
formed between graphene and the bppH moieties. A 
summary of the XPS data for graphenebppH and 
Fe2(graphene‒bpp) is available in Supplementary 
Information Figure S13 and Tables S5 and S6. Typical 
deconvoluted XPS spectra for Fe2(graphene‒bpp) are 
shown in Figure 4. The XPS data shows that the N content 
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of the functionalized samples has increased significantly, 
compared to the very low N content found in 
unfunctionalized graphene. In graphenebppH, a strong 
nitrogen XPS absorption at 400.3 eV is observed together 
with a minor shoulder at 402.5 eV, which we assign to the 
pyridyl Nsp2C and amine Nsp3C bonds, respectively.53–58 
Together they account for 3.2 atm% of the sample. A 
reference sample with graphene microwave-heated with p-
amino-bppH in the absence of isoamyl nitrite, showed an 
N content of only 1.7 atm%.

In Fe2(graphene‒bpp), three distinct nitrogen peaks are 
observed. The dominant N-sp2C peak occurs at 400 eV and, 
accounting for 1.7 atm %, can be associated with the four 
pyridine donors. Minor shoulders at 399 eV and 402 eV, 
accounting for 0.4 atm% and 0.3 atm%, respectively are 
assigned to the two tertiary amines donor groups of bpp. A 
rationale for the difference observed in their binding 
energies39 is due to them bonding to the iron(III) and 
iron(II) atoms respectively. In Fe2(graphene‒bpp), peaks 
are also present for both Cl 2p3/2 at 200.8 eV (0.5 atm%) and 
Fe 2p1/2/2p3/2 (711.8-722.5 eV). The Cl content is lower than 
expected, which could indicate that perchlorate is not the 
only anion in the sample - possibly a result of the oxygen 
functionalities in graphene acting as counter-ions (vide 
supra).

The Fe XPS 2p1/2 and 2p3/2 region at binding energies 
from 717.1 to 722.5 eV (Figure 4(d)), exhibits a multitude of 

peaks including several multiplet splittings59 and shake-up 
satellite structures.60 The richness in the Fe XPS region is 
as expected for a material containing both high spin FeII 
and high-spin FeIII centers, together with the effect from 
having FeIII and FeII centers coordinated to both pyridyl, 
amine and acetate ligands. The extensive overlapping of 
the Fe 2p3/2 photoelectron peaks renders delineation and 
differentiation between the FeIII and FeII absorptions in 
Fe2(graphene‒bpp) impossible.16 A rough quantification 
based on the total area of the Fe 2p3/2 absorptions, yields a 
Fe loading of ~2.4 atm%, corresponding to ~1.7 mmol/g 
which is likely an overestimate.

The oxygen content of graphenebppH and p-amino-
bppH/graphene did not increase much compared to 
unfunctionalized graphene which suggests that the 
microwave-assisted heating is very well-tolerated and does 
not induce oxidative damage. In Fe2(graphene‒bpp), the 
[O]/[C] ratio has increased from 18.1 % to 25%, consistent 
with the additional presence of perchlorate and acetate 
ligands. The O 1s peaks at 532.1 and 533.7 eV were assigned 
to oxygen from carbonyl (C=O) and oxygen from ether and 
hydroxyl groups, respectively. The C 1s peaks at 284.8, 
285.5, 288.3, 289.4, and 291.2 eV were assigned to sp2 C, C-
C/C=N/C-H, carbonyl (C=O), carboxyl (C(=O)-O) and 
aromatic π-π* shake-up satellite carbon features, 
respectively.
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Figure 4. XPS spectra of Fe2(graphenebpp). (a) C 1s, (b) N 1s, (c) Cl 2p and (d) Fe 2p region.

Page 8 of 14

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

Figure 5. (a) Surface-confined CV of Fe2(graphene−bpp)/nafion films in contact with aqueous electrolyte (0.1 M aq. NaClO4). (b) 
Scan rate dependence of the cathodic peak current at Ep = 0.56 V with least-squares fit. (c) Scan rate dependencies of the anodic 
peak currents (dotted lines added for clarity). (d) CVs of the homogeneous reference compound [Fe2(tert-butyl-
bpp)(CH3CO2)2](ClO4)2 (~1 mM) dissolved in water (black line) and acetonitrile (red line) with 0.1 M NaClO4. Recorded at 100 
mV·s-1. CVs of unfunctionalized graphene/nafion on glassy carbon are shown in Supplementary Information Figure S14.

Scheme 3. Proton coupled redox processes observed for Fe2(graphene‒bpp)−graphene surface in aqueous 
solution. The curve linking the iron atoms symbolizes graphene‒bpp and the structure of the resting state in box 
is drawn in Scheme 1.
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Accounting for the small amount of N contamination 
found in graphene, the [N]/[C] ratios for graphenebppH 
and Fe2(graphenebpp) are 3.9% and 3.2%, respectively. 
Importantly, these ratios are 1.6-2.0 times higher than that 
of the physisorbed reference. Assuming that all the N 
content in the functionalized samples is due to grafted 
ligands, a molar loading of bpp/bppH of 0.27-0.40 mmol/g 
(with an average of 0.33 mmol/g) is evident for 
Fe2(graphenebpp) and graphenebppH. This corresponds 
to the ligand and the complex making up 21.3 and 20.2 wt% 
of the functionalized samples, respectively (with an 
average for the two samples of 20.7 wt%). In comparison, a 
molar loading of only 0.13 mmol/g (7.0 wt%) was found for 

the physisorbed reference. These results are consistent 
with the bppH moieties being mainly covalently anchored 
to the graphene surface. We speculate that initial 
physisorption of the precursor material p-amino-bppH 
onto the graphene lattice might play an important role in 
this process.

Electrochemistry
The electrochemical behaviour of Fe2(graphene‒bpp) 

was studied by cyclic voltammetry (CV) in aqueous 
solution (Figure 5). The voltammograms of the resulting 
thin films show no particular degree of broadening and 
exhibit only very moderate capacitive charging 
components. This is true even at higher scan rates (0.8 V s–
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1) which strongly indicates that a very thin layer has formed 
with a high degree of the original graphene-like nature 
being maintained. Line shape broadening due to porosity 
is otherwise a commonly observed property for modified 
carbon electrodes, especially when prepared by drop-
casting.61 A tilting in the orientation of the voltammograms 
with increased scan rate is, however, observed, which 
indicates the presence of some uncompensated 
resistance62,63, probably arising from the double layer 
junction between the graphene/nafion film and the glassy 
carbon support. This junction resistance is likely due to the 
high loading of dielectric nafion ionomer needed for 
preparation of mechanically stable films.64,65 The 
electrochemistry of Fe2(graphenebpp) is uniquely distinct 
from that of unfunctionalized graphene and graphene 
soaked in iron(II)-diperchlorate solutions 
(FeOx/graphene). The CVs of these two latter systems are 
available in the Supplementary Information (Figures S14 
and S15). The CVs of Fe2(graphene‒bpp) reveal two 
irreversible oxidation waves at Epa,1 = 0.73 V and Epa,2 ≥ 0.95 
V (versus the normal hydrogen electrode, NHE) together 
with one reduction wave at Epc = 0.56 V. The reduction 
wave (Epc = 0.56 V) and the first oxidation wave (Epa,1 = 0.73 
V) are separated by 170 mV. For a surface-confined redox 
process, no peak separation, or only a small one for a quasi-
reversible process, is expected.66 As such, we can conclude 
that these waves are not originating from the same process. 
This is also consistent with the asymmetric peak shape, 
characteristic of surface confined irreversible processes. 
We therefore assign the reduction wave and the first 
oxidation wave to, respectively, the 1 e− reduction and 
oxidation of the FeIIIFeII ground state (Scheme 3). The 
irreversibility of these waves likely derives from the 
aqueous medium which causes the electron transfers to 
occur in concert with fast proton transfers. Attempts were 
made to record the CVs of Fe2(graphenebpp) in non-
protic solvents such as acetonitrile, however the nafion 
films were found to be unstable under these conditions. 

The peak potentials for both processes are independent 
of the scan rate. The peak current for the FeIIIFeII → FeIIFeII 
reduction wave increases linearly with the scan rate (Figure 
5(b)) which is consistent with a surface confined redox 
process not subjected to diffusion control.66,67 The peak 
current for the FeIIIFeII → FeIIIFeIII oxidation wave does not 
show such a linear dependency on the sweep rate but levels 
off and becomes constant at higher scan rates (Figure 5(c)). 
This is probably caused by the partial overlap with the 
second oxidation wave (vide infra).

In the case of an irreversible 1 e– reduction, the peak 
current is expected to follow Equation 3. Assuming a 
Laviron coefficient of α = 0.5, linear regression on a plot of 
the peak current for the reduction wave as a function of 
scan rate (Figure 5(b)) yields a surface coverage of Γ = 58 
pmol cm−2. This surface coverage determined from the 
electrochemical measurements is in good agreement with 
the theoretical coverage of 82 pmol cm–2 expected from 
geometrical considerations available from crystal 
structures of these compounds.

Equation 3
The irreversible redox chemistry found in water for 

Fe2(graphene–bpp) can be contrasted to the behaviour of 
the related molecular compound [Fe2(tert-butyl-
bpp)(CH3CO2)2]2+

 in non-aqueous solution where the 
FeII/FeIII redox chemistry is reversible (E½ = 0.17 V vs. NHE 
for FeIIIFeII/FeIIFeII, E½ = 0.88 V for FeIIIFeIII/FeIIIFeII). 
Dissolution of [Fe2(tert-butyl-bpp)(CH3CO2)2]2+

 in aqueous 
electrolyte results in the exchange of the auxiliary acetate 
bridging ligands for water-derived ligands, forming 
[Fe2(tert-butyl-bpp)(OH2)n(OH)m] type species. 
Consistently, the CVs shows a switch in the kinetics from 
reversible to irreversible (Figure 5(d)). The auxiliary ligand 
substitution introduces the possibility of associated 
protonation/deprotonation steps and thereby proton-
coupled electron transfer kinetics, as proposed in Scheme 
3. A second oxidation wave is observed in the CVs of 
Fe2(graphene–bpp) at Epa,2 ≥ 0.95 V. The peak potential and 
current for this process are both dependent on the scan 
rate (Figure 5(c)) but this process is not observed at the 
slowest scan rates, possibly suggesting that it is dependent 
on the first oxidation step. This secondary oxidation 
process is not resolved in the homogeneous aqueous 
system which suggests that the electron-rich graphene 
matrix could play a significant role in reducing the 
potential for this process and/or in stabilizing the 
generated high-valent species. Consistent with the high 
potential and the binucleating nature of the system, we 
assign this process to the 1 e– oxidation of FeIIIFeIII to 
FeIIIFeIV. Again, coupled proton transfers cause 
irreversibility providing a reasonable explanation for the 
lack of observation of a corresponding reduction wave.

CONCLUSIONS
In summary, we have acheived covalent attachment of a 

diiron complex onto graphene and characterized the 
nanocomposite by a battery of bulk and surface analysis 
techniques. Successful functionalization was achieved 
through attachment of the binucleating ligand bppH by 
means of a microwave-facilitated diazonium coupling 
reaction with the diazonium salt generated in situ from the 
amino precursor ligand and isoamyl nitrite. The resulting 
graphenebppH composite material was determined from 
XPS analysis to have an excellent average bulk loading of 
bppH of 0.33 mmol/g, corresponding to an average 20.7 
wt% of the functionalized materials being made up of 
grafted moieties. Complexation with Fe(II)-diperchlorate 
in the presence of dioxygen and acetate resulted in the 
formation of a mixed valence FeIIFeIII complex with the 
Fe(III) center existing in an S = 5/2 spin state. The 
covalently anchored Fe2(bpp) moieties exhibited 
distinctive redox features. Notably, a FeIIIFeIII → FeIIIFeIV 
oxidation wave was evident from the surface confined 
voltammograms of the grafted complex. From 
electrochemical measurements on 
Fe2(graphenebpp)/nafion films, a surface coverage of 58 
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pmol cm-2 for Fe2(bpp) on graphene was observed, 
indicating an efficient coverage process considering the 
theoretically calculated coverage of 82 pmol cm-2 derived 
from geometrical considerations. This electroactivity gives 
interesting perspectives with respect to the possibility of 
using the grafted system in heterogeneous electrocatalytic 
oxidations, e.g. for environmentally benign water 
purification.68,69
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Supporting TEM/STEM images, AFM images and topological 
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