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Graphene is a newly available conductive material ideally suited for forming well-defined
interfaces with electroactive compounds. Aromatic moieties typically interact with the
graphene surface to maximize Van der Waals interactions, predisposing most compounds to
lie flat on its basal plane. A tripodal motif binds multivalently to graphene through three
pyrene moieties and projects easily varied functionality away from the surface.

The

thermodynamic and kinetic binding parameters of a tripod bearing a redox-active Co(II) bisterpyridyl complex were investigated electrochemically. The complex binds strongly to
graphene and forms monolayers with a molecular footprint of 2.3 nm2 and a ΔGads = –38.8 ±
0.2 kJ mol–1. Its monolayers are stable in fresh electrolyte for more than 12 h and desorb from
graphene 1000 times more slowly than model compounds bearing a single aromatic binding
group. Tripods with naphthalene or phenanthrene moieties also desorb more rapidly than
those with pyrene, but reach greater monolayer densities. Noncovalent functionalization also
allows assembled functionality to behave dynamically on the surface, afeature not observed in
conventional self assembled monolayers. In addition, while biomacromolecuels adsorbed on
bare graphene can lose their function, tripods bearing N-hydroxy succinimidyl ester groups
immobilize both antibodies and Concanavalin A without loss of function. This result
represents an important step forward in the design of flexible biosensors and provides a
modular method for engineering the surface chemistry of graphene for biological applications.
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CHAPTER ONE
NONCOVALENT FUNCTIONALIZATION OF GRAPHENE
BY MOLECULAR AND POLYMERIC ADSORBATES
1.1

Abstract
The desirable properties and increased availability of single and few-layer graphene

have motivated interest in interfacing functional molecules and materials to its high surfacearea basal plane. The surface of pristine graphene lacks chemical functionality to allow for
covalent modification without interrupting its continuous π-orbital system. In contrast,
noncovalent functionalization does not suffer from these drawbacks and offers a means to
tune graphene properties and incorporate molecular recognition or other active elements. In
this Chapter, we describe emerging strategies to interface molecular compounds and polymers
to graphene as well as the enhanced properties and new functions that they impart.
1.2

Introduction
Graphene refers to a single layer or a few layers of the two-dimensional, honeycomb

lattice of graphitic carbon. It has attracted intense interest since the isolation of single layer
graphene (SLG) by mechanical exfoliation and subsequent demonstration of its desirable
properties.1 A broad range of attractive features of graphene have emerged, including its
exceptional charge carrier mobility, high strength and flexibility, transparency, and
impermeability to molecular and atomic species, a combination of properties not found in
other materials.2 At first, the availability of pristine graphene samples was limited by the low
throughput of the exfoliation method. Higher throughput approaches have since emerged,
each with its own strengths and drawbacks, which together provide access to either bulk
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quantities or large-area, substrate-supported samples. The two-step oxidation/exfoliation of
graphite to graphene oxide, followed by reduction back to graphene, is highly scalable, but the
resulting chemically converted graphene invariably retains oxidized defects.3 Thermal
decomposition of SiC provides access to wafer scale epitaxial graphene grown directly on
insulating substrates.4-6 This method produces graphene of excellent quality, but is limited by
the high cost of SiC substrates and the extreme temperatures (ca. 1400 °C) required. Finally,
in chemical vapor deposition (CVD) methods, a gaseous carbon source is decomposed over a
thin film of a transition metal catalyst (usually Cu, Ni, or Ru).7-8 This method can access large
area samples, as demonstrated by a roll-to-roll process for 30 inch-wide SLG described in
2010.9 The relative ease of removing the metal catalyst after growth has led to the
development of polymer-mediated transfer processes that enable SLG to be supported on
most substrates.10-11 Other developments in CVD production of graphene include accessing
multilayer samples,12 dramatically increasing the graphene grain size,13-14 and integrating
SLG with hexagonal boron nitride.15 These rapid developments ensure graphene’s availability
and relevance for both bulk and nanometer-scale device applications.

Figure 1.1. Schematic of noncovalent functionalization of graphene using polymers and small
molecule adsorbates.

2

As these applications emerge, it has become increasingly desirable to interface
functional molecules or polymers to graphene (Figure 1.1). Unlike conventional electrode
materials, such as silicon, transition metals, or indium tin oxide (ITO), graphene lacks reactive
functionality

or

established

self-assembled

monolayer

chemistries

to

mediate

functionalization. Furthermore, because of its single or few-layer thickness, covalent
modification of the basal plane degrades many of graphene’s desirable properties.
Noncovalent functionalization strategies do not suffer from these drawbacks, as they do not
affect the transparency, or conductivity (except through doping) of the material.16 In this
chapter, we highlight noncovalent functionalization strategies for graphene that are based on
molecular and polymeric adsorbates and their roles in imparting added function or improved
graphene properties. Although early work in this area successfully utilized commercially
available compounds, some of the most intriguing examples of noncovalent graphene
fucntionalization have emerged from designed or iteratively improved systems. Therefore,
collaborative efforts among graphene experimentalists, theorists, and synthetic chemists will
greatly benefit further progress in this area.
1.3

Noncovalent Functionalization Utilizing Molecular Species
Assembling molecules on the graphene basal plane through Van der Waals interactions

represents an operationally simple method to introduce arbitrary functionality to the graphene
surface and to influence its charge carrier density. SLG’s atomically precise structure makes it
suitable for crystallizing molecules in two-dimensions and has inspired our efforts to control
molecular orientation through multivalent binding interactions. Several considerations are
important for evaluating molecular assembly on graphene. Differences in molecular size and
coverage, which can range from fractions of monolayers to multilayers, strongly influence the
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accessibility of the graphene basal plane and its electronic properties. It is also important to
match the stability of the adsorbed monolayers or multilayers to the desired application. For
example, applications that involve exposure to solvent or heat require more robust moleculeSLG interactions than molecular layers formed and utilized under ultrahigh vacuum (UHV)
conditions. In other cases, weakly adsorbed but highly ordered adlayers might be desirable,
such as for transporting charge within organic electronic devices. Thus far, relatively few
compounds have been used to functionalize SLG noncovalently (Figure 1.2), although
structure-property relationships derived from the extensive studies of molecular crystallization
on highly ordered pyrolytic graphite17-24 and the noncovalent functionalization of carbon
nanotubes25-28 are also informative.

Figure 1.2. Molecular adsorbates discussed in this chapter.
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Early examples of functionalizing substrate-supported SLG were motivated by the
need to deposit uniform gate dielectrics to fabricate graphene-based field effect transistors
(GFETs). Dai and coworkers observed that atomic layer deposition (ALD) of Al2O3 onto the
graphene basal plane provided poor coverage, as the oxide formed almost exclusively at edges
and defect sites (Figure 1.3).29

These locations presumably contain oxidized carbon

functionality that seed Al2O3 growth. In contrast, continuous Al2O3 films grow on SLG
functionalized with a monolayer of perylene tetracarboxylic acid (PTCA), whose four
carboxylic acid groups serve as Al2O3 nucleation sites. These monolayers mediated the
growth of conformal coatings as thin as 3 nm. Hersam and co-workers subsequently deposited
the corresponding anhydride (perylene tetracarboxylic dianhydride, PTCDA) onto epitaxial
graphene under UHV conditions.30 Careful control of the molecular deposition parameters
associated with this approach yielded 2D crystalline PTCDA monolayers, despite the
presence of defects and step-edges on the SLG (Figure 1.4). The PTCDA monolayers also
mediated the formation of continuous ALD films of both Al2O3 and HfO2, a technologically
relevant high-dielectric constant material.31 Metal evaporated onto the oxide films provided
capacitors with low leakage currents (~10-9 A cm-2) and one of the highest capacitances (700
nF cm-2) reported for top-gated GFETs, suggesting that the seeded monolayers were free of
pinhole defects.
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Figure 1.3. AFM images of Al2O3 grown using ALD on (A) pristine SLG and (B) SLG
functionalized with a monolayer of PTCA. Al2O3 growth is localized to edge and defect sites
on pristine SLG but forms uniform coatings on the PTCA monolayers (Adapted with
permission from ref. 29 Copyright 2008 American Chemical Society).
Adsorbing molecules onto SLG provides a mild, modular, patternable, and potentially
reversible means to tune graphene’s charge carrier density. Feng and co-workers calculated
the shift of the charge-neutrality point of few-layer epitaxial graphene (FLG) induced by the
adsorption of the small molecule p-type dopant tetracyanoquinodimethane (TCNQ) and its
perfluorinated derivative (F4-TCNQ).32 The computational results were confirmed
experimentally by 0.6 eV and 1.4 eV shifts in the FLG work function for TCNQ and F4TCNQ, respectively, at deposition thicknesses under 3 nm. Coletti and co-workers
subsequently demonstrated that deposition of a 0.8 nm thick coating of F4-TCNQ fully
compensated for the inherent n-type doping of bilayer epitaxial graphene on SiC.33 Such
tuning provides a means to replicate the superior electronic performance of suspended,
exfoliated SLG samples, which are difficult to fabricate, using easily accessible substratesupported SLG. In the case of bilayer graphene, the adsorbed layer increases its bandgap to as
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high as 0.3 eV. Similar, albeit less controlled effects were observed when the F4-TCNQ was
introduced from solution. Complementary, spatially resolved doping was demonstrated by Y.
T. Chen and co-workers using a PDMS-based flow cell.34 The authors deposited 1,4diaminonaphthalene (a n-type dopant) and 1-nitropyrene (a p-type dopant) onto different
regions of an SLG device. Removing the flow cell provided heterojunctions composed of
differently doped graphene, which showed two charge neutrality points in FET measurements
delineating p+-p, p-n, and n-n+ regimes under various gate biases.

A

B

3 nm
Figure 1.4. (A) High resolution STM image of a self assembled monolayer of PTCDA deposited on
epitaxial graphene under UHV conditions showing the highly ordered, long range packing of the
PTCDA molecules. (B) Line-angle structures showing the unit cell structure and parameters a and b.
(Adapted with permission from ref. 30 Copyright 2009 Nature Publishing Group)

Many compounds, especially those with extended π-electron systems, adsorb onto
graphene with different orientations than those observed on other device-relevant substrates.
These differences in molecular orientation strongly impact organic electronic device
performance. For example, W. Chen and co-workers deposited chloroaluminum
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phthalocyanine (ClAlPc) onto an SLG-coated ITO substrate under UHV conditions and noted
that the Al-Cl bond was oriented normal to the surface.35 This orientation maximizes the Van
der Waals interactions between the ClAlPc and SLG. In contrast, the ClAlPc sat 45o off
normal when deposited onto bare ITO. Cho and co-workers demonstrated the effect of this
phenomenon on performance of FETs comprised of pentacene. Much like ClAlPc, pentacene
lies flat on the graphene surface but adopts an upright configuration on SiO2 gate dielectrics.
The upright configuration is desirable for organic FETs (OFETs), as it orients the pentacene
π-electron systems to transport charge between the source and drain electrodes. Indeed,
pentacene OFETs based on pristine SLG exhibit higher charge transfer resistance and lower
charge carrier mobilities than when polymer residues, which orient the pentacene molecules
laterally, remain on the SLG surface.36 In contrast, photovoltaic devices, in which charge
transport occurs vertically, might benefit from the vertically stacked molecular orientation
directed by SLG.
Likewise, the aromatic heterocycles of nucleic acids adsorb to graphene,16 much as
they do to carbon nanotubes28 Loh and coworkers anodized epitaxial graphene to introduce
oxygenated defects, while leaving pristine graphene regions, thus providing a means to
compare the utility of noncovalent assembly and covalent tethering of single-stranded probe
DNA (ssDNA) within the same device platform.37 An electrochemical assay that detected
complementary or single-base mismatched ssDNA demonstrated comparable detection limits
for both immobilization methods, but covalently immobilized ssDNA exhibited a larger
dynamic range. Li and coworkers evaluated DNA hybridization on CVD graphene within a
transistor device platform,38 in which ssDNA strands adsorbed to a graphene conductance
channel detect complementary ssDNA in solution. The hybridization process induces partial
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desorption of the probe strand, which affects the doping level of the graphene. This strategy
achieved detection limits of 0.01 nM and differentiated between complementary and singlebase mismatched ssDNA targets. The authors also immobilized the probe strands on Au
nanoparticles (NPs) on the graphene surface, which achieved improved upper detection limits,
likely attributable to a higher density of immobilized strands.
A phage-display strategy was utilized by McAlpine and co-workers to identify two
oligopeptides that absorb to the graphene basal plane.39 The phage-display approach begins
with a population of bacteriophages bearing various oligopeptides, which are exposed to
graphite flakes. Bacteriophages from this population that bind to graphite are washed from the
flakes, and then amplified. Five iterations of this process with increasingly stringent washes
prior to amplification provided a heptapeptide (graphene binding peptide 1, GBP1) and
dodecapeptide (GBP2) that bind strongly and preferentially to graphitic surfaces. For
example, Au nanoparticles functionalized with GBP1 selectively assembled onto graphene
patterned on Si wafers. Furthermore, GFETs functionalized with a bifunctional peptide
consisting of GBP1 conjugated to a tetrapeptide that binds trinitrotoluene (TNT) exhibited
resistance changes in response to trace vapors of the explosive.
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Figure 1.5. (A) Schematic of a flexible graphene biosensor with inductor coil for wireless readout
using GBP to noncovalently functionalize graphene with an AMP for use as a bacteria sensor. (B)
Resistance change associated with detection of a single E. coli cell observed using the GBP/AMP/SLG
conjugate.

Subsequent biosensors based on bifunctional peptides incorporating GBPs illustrate
several attractive features of graphene.40 GBP2 conjugated to an antimicrobial peptide (AMP)
was assembled onto graphene-on-silk devices, which were adsorbed to biological surfaces
such as tooth enamel and muscle tissue. Capacitance measurements at the GBP/AMP
modified graphene surface were used to detect individual binding events of E. coli cells from
saliva (Figure 1.5). Binding events were detected wirelessly using an interdigitated electrode
array interfaced to an inductive coil. These examples demonstrate the importance of
graphene’s flexibility and conductivity for next generation biosensors and shows that GBPs
are a promising platform for further study of noncovalent graphene functionalization.
electrode array interfaced to an inductive coil. These examples demonstrate that GBPs are a
promising platform for further study of noncovalent graphene functionalization.
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Although many of the above compounds are useful for modifying the graphene
surface, their monolayers are often unstable in effective solvents for the binding groups.
Dichtel and co-workers designed a multivalent tripod-shaped compound capable of binding
SLG through three pyrene “feet”, which we describe in detail in Chapter Two of this
dissertation.41 The compound features a tetrahedral core that directs the binding groups
toward the graphene while displaying the arbitrary functionality away from the surface. Selfassembly of a Co(tpy)2 tripod 1·2PF6 was first compared to monovalent 2·3PF6 using cyclic
voltammetry. Both compounds form monolayers on the SLG surface from micromolar
concentration solutions of the binding group, with the larger 1·2PF6 achieving a higher than
expected fractional coverage (81% vs 33% expected) relative to 2·3PF6 (Figure 1.6A). This
finding, combined with an analysis of the electron transfer kinetics of the two compounds,
suggests that the tripods adopt an upright configuration on the SLG surface. In addition, the
monovalent complex 2·3PF6 desorbs from graphene 1000 times more rapidly, disappearing in
under 10 min, than 1·2PF6, which retains 86% of its saturation coverage after 12 h. A
subsequent scanning electrochemical microscopy study of microspots of 1·2PF6 on SLG
demonstrated that the tripods are mobile on the graphene surface, in which the outward
diffusion of the tripods from the microspots was fit to a 2D diffusion model, discussed in
detail in Chapter Four of this dissertation.42 These findings highlight an as-yet unrealized
opportunity of noncovalent functionalization strategies: dynamic or stimuli responsive
functions derived from molecular motion on the SLG surface. Dynamic and stimuli
responsive systems may include enzymes that operate in tandem, light harvesting arrays that
rearrange upon adsorption, photochemical or electrochemical switches, or even living cells
attached to the graphene surface.
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Figure 1.6. (A) Langmuir binding isotherms of 1·2PF6 (blue) and 2·3PF6 (red) on SLG. (B) Plots of
coverage (Γ) vs time for monolayers of 1·2PF6 (blue) and 2·3PF6 (red) that were formed on SLG
electrodes and then transferred to fresh THF / NH4PF6 electrolyte solution at t = 0 (Adapted with
permission from ref. 41 Copyright 2011 American Chemical Society).

The kinetic stability of the tripod monolayers was also leveraged to anchor proteins
relevant to biosensors on SLG. An anti-E.coli antibody is readily captured by bare SLG, as
well as by SLG bearing monolayers of tripod 3 or pyrene butyrate 4, which both feature Nhydroxysuccinimidyl(NHS) esters for bioconjugation reactions. However, only the antibodyfunctionalized tripod monolayers bind E. coli cells at above background levels (Figure 1.7),
while antibodies adsorbed to SLG or attached to 4 show similar levels of E.coli recognition as
a monolayer of a mistmatched (anti-bovine serum albumin) antibody supported on 3.43 These
findings are discussed in detail in Chapter 5 of this dissertation.
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Figure 1.7. Fluorescence micrographs of captured E. coli cells stained with propidium iodide and
schematic illustrations for (A) tripod immobilization of anti-E. coli antibody and (B) monopod
immobilization of anti-E. coli antibody. (C) Bar graph showing average number of cells captured
using different methods of immobilization of anti-E. coli antibody (Adapted with permission from ref.
43 Copyright 2013 Wiley Publishing Group).

Similar findings were observed for the lectin protein Concanavalin A (ConA). Tripod
bound ConA retained its ability to recognize both dissolved oligosaccharides and those found
on Bacillus subtilis cell walls, whereas the protein showed no evidence of these functions
when adsorbed directly to the SLG.44 Our study involving ConA is discussed in detail in
Chapter 6 of this dissertation. These findings demonstrate the value of robust noncovalent
binding groups for preserving the function of proteins on SLG, which are otherwise prone to
deleterious denaturation.
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CYTOP
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Removed

SLG +
CYTOP

As grown SLG

Figure 1.8. Resistance vs gate voltage plot showing GFET characteristics of as grown SLG (black),
SLG doped using CYTOP fluoropoylmer (red), and SLG after removal of CYTOP using solvent
(blue). Inset: structure of a monomer unit of CYTOP (Adapted with permission from ref. 46 Copyright
2013 American Chemical Society).

1.4

Polymeric Adsorbates
Interfacing polymeric thin films to SLG can confer many desirable features, including

mechanical strength and/or flexibility,45 tunable changes in doping,46-48 and a large number of
reactive functional groups.49 In contrast to monomeric adsorbates, polymers form less
ordered, thicker layers that enable them to serve as environmental barriers and supporting or
active layers. Polymers are also straightforward to introduce, usually via solution deposition,
and may be patterned through a variety of lithographic techniques. SLG derived from CVD
processes is prepared on metal foils and transferred to substrates of interest using a sacrificial
polymer layer, typically poly(methyl methacrylate) (PMMA). Ruoff and coworkers developed
an approach to dope the SLG during the transfer process by employing the fluoropoylmer
poly(perfluoroalkenylvinyl ether) (CYTOP) in place of PMMA.47 Hypsochromic shifts of the
graphene G and 2D Raman bands, as well as changes in the Dirac point, were observed after
annealing the CYTOP polymer layer, which presumably induces the alignment of local dipole
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moments along the polymer chain with respect to the SLG. Dodabalapur and coworkers
subsequently demonstrated improved FET device performance, including increased on:off
current ratios and a Dirac point observable within the device’s working potential range
(Figure 1.8), by performing the graphene transfer using PMMA and introducing CYTOP
during device fabrication. Together these findings indicate that fluoropolymers are effective
and convenient p-type dopants for SLG.46
More exotic polymer films have also been used to impart improved performance or
added function to graphene based transistors. Ahn and co-workers utilized a block
copolymer/ionic liquid gel gate electrode witin GFETs constructed on flexible, transparent
polymer substrates.50 The high dielectric constant of the polymer/ionic liquid gate provided a
large current modulation of 2.4 mA over a 3V bias range, as compared to 0.4 mA over a 40 V
range for similar GFETs with Si/SiO2 gates. Chien and coworkers demonstrated a ternary
logic device based on a GFET functionalized with a photoactive azobenzene-containing
polymer.48 Azobenzene isomerization is associated with a change in dipole moment that alters
the carrier density of the underlying graphene. The alignment of these dipoles was further
controlled by applying an external electric field during the photoisomerization. In this way,
irradiation under oppositely polarized fields and no applied field provide three device states
that were nonvolatile for at least 50 s. Finally, Szopek and co-workers utilized a poly(ethylene
imine) (PEI) layer to transform a GFET into a CO2 sensor.51 The amines of the PEI layer
reversibly bind CO2, which induces a change in the SLG conductance (Figure 1.9).
Unfunctionalized GFETs showed no measurable CO2 response. These representative
examples suggest that a vast array of functional polymers and molecular recognition strategies
might prove useful in GFET devices.
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It has also proven possible to perform spatially controlled polymerizations on the
graphene surface. For example, Zhou and co-workers used a soft lithographic approach to
print 2 µm wide strips of methacrylic macroinitiators bearing both pyrene (for graphene
binding) and bromostyrene (polymer initiator) side chains.49 Polymerization under atom
transfer radical polymerization conditions provided 100-300 nm thick polymer brushes in the
patterned regions. The method was shown to be general to several monomer classes and
graphene types (CVD, reduced graphene oxide, and graphene oxide).

Figure 1.9. Change in conductivity of GFETs prepared using (red) uncoated graphene and (black)
polyethylene imine coated graphene upon the successive introduction of 4 mbar of CO2 (Adapted with
permission from ref. 51 Copyright 2012 American Institute of Physics).

Dichtel and coworkers recently used SLG to crystallize oriented thin films of a class
of two-dimensional polymers known as covalent organic frameworks (COFs, Figure 1.10),5255

which had been previously isolated as insoluble polycrystalline powders. Despite interest in

these materials for optoelectronic devices, processing, achieving electrical contact, and
performing advanced spectroscopy are all difficult on the polycrystalline powder form. Twodimensional COF thin films ranging in thickness from 30-400 nm crystallize on the SLG
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surface under solvothermal growth conditions, in which an SLG-coated substrate is included
in the reaction mixture. The resulting films are highly crystalline and oriented with the
stacking direction normal to the graphene surface, as determined by grazing incidence x-ray
diffraction.

Figure 1.10. Schematic representation of the solvothermal polymerization of
hexahydroxytriphenylene and benzene-1,4-bis-boronic acid to form COF-5 on single layer graphene
(Reproduced with permission from ref. 53 Copyright 2011 American Association for the
Advancement of Science).

These films point a way forward for many new applications for 2D polymer films, including
organic photovoltaics, energy storage devices, and other applications that will leverage their
structural precision and predictable synthesis.
1.5

Conclusions and Outlook
Graphene’s single-atom thickness, desirable electronic properties, and mechanical

stability have already attracted interest for transparent electrodes and FETs and are likely to
be leveraged within other device platforms. In their current form, GFETs are of particular
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interest for sensing devices, although practical strategies to induce a sufficiently large
bandgap, combined with effective complementary doping methods, might expand their
relevance to integrated logic circuits. Graphene’s atomically precise structure also makes it an
intriguing

platform

for

mediating

molecular

and

polymer

assembly.

Molecular

functionalization provides ultrathin layers or well-defined monolayers that have served as
dopants and as nucleation sites to ensure conformal oxide coatings through atomic layer
deposition. Graphene-binding peptides and more elaborate multivalent binding groups form
monolayers with useful stability on the graphene surface, even in solution under infinite
dilution conditions, and have anchored oligopeptides and proteins, respectively, on the surface
while maintaining their function. Similarly, commercially available polymers have been used
to mechanically stabilize SLG during its transfer to arbitrary substrates and to tune its charge
carrier density. More elaborate polymer architectures and macromolecules with active
functionality have provided devices with improved performance and advanced functions, but
the possibilities of these polymer/graphene hybrid devices are only now emerging. Graphene
has shown great promise as a growth substrate for thin films of covalent organic frameworks
and represents a natural interface for other classes of 2D polymers as new methods for their
synthesis become available. Based on recent advances, functionalized graphene might be
incorporated into sensor arrays, serve as a flexible and transparent electrode in organic
electronic devices, or act as a transparent barrier materials for in situ optical and electron
microscopy. The enhanced properties of the binding groups described above warrant further
study and will benefit from close collaborations between device scientists and engineers,
synthetic chemists, and theorists to maximize their utility.
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CHAPTER TWO
MULTIVALENT BINDING MOTIFS FOR FUNCTIONALIZING GRAPHENE
NONCOVALENTLY
2.1

Abstract
Single-layer graphene is a newly available conductive material ideally suited for

forming well-defined interfaces with electroactive compounds. Aromatic moieties typically
interact with the graphene surface to maximize Van der Waals interactions, predisposing most
compounds to lie flat on its basal plane. Here we describe a tripodal motif that binds
multivalently to graphene through three pyrene moieties and projects the modular
functionality away from the surface. The thermodynamic and kinetic binding parameters of a
tripod

bearing

a

redox-active

Co(II)

bis-terpyridyl

complex

were

investigated

electrochemically. The complex binds strongly to graphene and forms monolayers with a
molecular footprint of 2.3 nm2 and a ΔGads = –38.8 ± 0.2 kJ mol–1. Its monolayers are stable in
fresh electrolyte solution for more than 12 h and desorb from graphene 1000 times more
slowly than model compounds bearing a single aromatic binding group. Differences in the
heterogeneous rate constants of electron transfer between the two compounds suggest that the
tripod projects its redox couple away from the graphene surface. The work described in this
chapter was performed in collaboration with Dr. Joaquín Rodrígues López., under the
direction of Prof. H. D. Abruña and Prof. W. R. Dichtel and was published in the Journal of
the American Chemical Society (Mann, J. A.; Rodríguez-López, J.; Abruña, H. D.; Dichtel,
W. R. J. Am. Chem. Soc. 2011, 133, 17614.)
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2.2

Introduction
Graphene’s desirable electronic, optical, and mechanical properties have attracted

considerable interest.1 Advances in its growth via metal-catalyzed chemical vapor deposition
(CVD),2 the thermal decomposition of SiC,3 and chemical reduction of graphene oxide (GO)4
now provide convenient access to large-area samples, including films on flexible substrates.5
As a result, graphene shows promise for inexpensive transparent electrodes,6 transistors,7
strain sensors,8 ultrathin corrosion barriers,9 and many other applications. Graphene’s singleatom thickness and atomically precise structure also make it an attractive platform for
molecular assembly and interfacing functional π-electron systems to bulk electrodes,10 as well
as a unique imaging platform for confined chemical transformations.11 Modular and broadly
applicable methods for functionalizing graphene’s basal plane offer a means to manipulate its
structure and/or electronic properties and will impact many of the above applications.
Covalent attachment approaches disrupt the conjugation and thus, the electronic structure of
the graphene sheet and take place preferentially at carbon atoms near defects and grain
boundaries.12
Noncovalent functionalization strategies do not suffer from such drawbacks. These
approaches have often focused on dispersing chemically converted graphene (CCG) in
various solvents following the reduction of GO. Compounds designed for this purpose interact
with CCG either at graphitic sites or residual carboxylate defects.13 The basal planes of
exfoliated, epitaxial, or CVD graphene samples have been functionalized less frequently.
Alkane thiols assembled on exfoliated graphene were used to detect Hg2+ ions at ppm levels.14
Polycyclic aromatic compounds assemble into stable, ordered structures on epitaxial
graphene15 and can shift its Fermi level16 or serve as nucleation sites for atomic layer
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deposition.17 Xu et al. used pyrene butyrate to exfoliate graphite and disperse the resulting
graphene layers in H2O.18 However, the strength of the pyrene – graphene interaction has not
been reported, and individual pyrene rings lack the ability to precisely control both the
distance and orientation of pendant functionality relative to the surface. Compounds capable
of binding graphene with well-defined, multivalent interactions can provide robust
monolayers that display active functionality away from the graphene surface, enabling these
moieties to interact predictably with other species in solution.

Figure 2.1 Structures of a tripodal graphene binder 1·2PF6 and monovalent model compound 2·3PF6,
each bearing a redox-active Co(tpy) complex for electrochemical characterization of their binding
properties.

Here we describe a tripodal binding motif (Figure 2.1), which presents three pyrene
“feet” that interact with graphene substrates. Tripodal architectures have been used to
functionalize silicon,19 gold,20 and TiO221 surfaces, where they have consistently demonstrated
enhanced stability and orientational control relative to monopodal groups.22 A Co+2 bisterpyridyl complex ([Co(tpy)2]2+) was incorporated into the graphene-binding tripod 1·2PF6
to measure the binding constant and surface coverage through electrochemical observation of
the Co2+/3+ redox couple. The characteristics of the monopodal [Co(tpy)2]3+ complex 2·3PF6

27

were also determined electrochemically to elucidate the effect of multivalency on the
coverage and stability of the monolayers. Working electrodes based on single-layer graphene
were first reported only recently,23 and the following experiments are the first to characterize
molecular self-assembly on the graphene basal plane using electrochemistry.
2.3

Design and Synthesis of the Tripodal Motif
The synthesis (Figure 2.2) of the tripodal binding motif is modular, allowing future

variation of both the aromatic binding groups and the functionality of interest. Pyrene was
selected as the binding group because it has been used extensively to functionalize carbon
nanotubes.24 The tetrahedral core 4 was established through the nucleophilic substitution of
ethynyl magnesium bromide to tris(p-methoxyphenyl) methyl chloride. The terminal alkyne
moiety of 4 was elaborated to a terpyridyl ligand through a Sonogashira cross-coupling, after
which the three methoxy groups were demethylated with BBr3.

Figure 2.2 Synthesis of tripodal graphene binder 1·2PF6.

The resulting triphenol 5 was alkylated under Williamson etherification conditions by the
pyrene tosylate 6. The resulting tripodal ligand was metallated via ligand exchange using
excess Co(tpy)Cl2MeCN 7 to provide 1·2PF6. The Co+2 complex in 1·2PF6 is paramagnetic,
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complicating assignment of its NMR resonances. Nevertheless, its spectrum was consistent
with the presence of a single Co+2 species. Electrospray ionization (ESI) and matrix assisted
laser desorption ionization (MALDI) mass spectrometry each indicated the formation of
1·2PF6 and did not show peaks corresponding to other Co(tpy)2 complexes. We also oxidized
1·2PF6 to the corresponding diamagnetic Co+3 species 1·3PF6 using AgPF6. The 1H NMR
spectrum of this complex indicated its structure and purity. We also synthesized the
monopodal compound of similar structure 2·2PF6, though thin layer chromatography and 1H
NMR spectroscopy indicated that its terpyridyl ligands were substitutionally labile. [Co(tpy)2]
+3

species are less prone to ligand exchange, and so we also oxidized 2·2PF6 to the Co3+

species 2·3PF6, again using AgPF6, to facilitate its characterization and storage.
2.4

Electrochemical Characterization of Monolayer Formation
Monolayer formation of the two compounds was characterized by cyclic voltammetry

(CV) using a working electrode composed of CVD graphene transferred onto a silicon wafer
(0.07 cm2 active area, see section 2.A for fabrication details). Pt counter and pseudo-reference
electrodes were used with analyte 1·2PF6 or 2·3PF6 in THF / NH4PF6 (0.1 M) supporting
electrolyte. These experiments confirm adsorption of both complexes to the electrode surface.
They also show chemically reversible but electrochemically quasi-reversible charge transfer
kinetics for the Co+2/+3 couple (ca. –0.2 V vs. Fc/Fc+), as indicated by their voltammetric
wave-shape and changes in oxidative and reductive peak potentials (∆Ep) as a function of
sweep rate (Figure 2.3A). The linear dependences of the peak current (see Appendix Figure
A1.24) on the potential sweep rate indicates that the redox couple is confined to the electrode
surface.25
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Figure 2.3 A: Cyclic voltammograms of 1·2PF6 (1 µM) obtained at various scan rates on an SLG
working electrode in THF / NH4PF6 (0.1 M). B: Laviron plots of 1·2PF6 (blue) and 2·3PF6 (red); peak
potentials at different scan rates (0.1 V s–1 to 3.0 V s–1) on SLG.

1·2PF6 was designed to project its Co(tpy)2 redox probe away from the SLG surface, a
degree of orientational control not found in monopodal binding groups. We performed
Laviron analyses (Figure 2.3 B) of the surface voltammetry26 of both 1·2PF6 and 2·3PF6 to
probe differences in electron transfer rates for the two binding motifs. For 1·2PF6, the peak
potentials (Ep) of the anodic and cathodic scans converge to the value of the formal potential
E0' at low scan rates (ν), whereas larger peak separations are observed at higher scan rates.
The symmetry and similar slope observed in the linear part of this plot for the anodic and
cathodic branches suggest a transfer coefficient α ~ 0.5 and analysis of the scan rate
dependence (see Appendix) yields a heterogeneous charge transfer rate constant k0 = 13.5 s–1.
Additionally, analysis of the shape of the CVs (see Appendix) suggests no lateral interactions
between the Co+2/+3 redox centers, such that monolayer formation may be described by the
Langmuir model (see below).
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Figure 2.4 A: Langmuir binding isotherms of 1·2PF6 (blue) and 2·3PF6 (red) on SLG derived from
surface coverages measured at various concentrations (0.1 µM-3 µM). B: Plots of coverage (Γ) vs time
for monolayers of 1·2PF6 (blue) and 2·3PF6 (red) monolayers that were formed on SLG electrodes,
and then transferred to fresh THF / NH4PF6 (0.1 M) electrolyte solution at t = 0.

The Laviron plot for 2·3PF6 shows smaller peak separations than 1·2PF6 at equivalent
scan rates, which indicates faster electron transfer kinetics with a rate constant k0 ~ 18 s–1 (see
Appendix). The slower rate of electron transfer observed for 1·2PF6 is consistent with the
hypothesis that the tripod positions the redox center further away from the electrode than the
monopodal model compound. Atomic force microscopy of the graphene electrodes before and
after functionalization with the tripod showed no evidence for aggregation on the surface (see
Appendix).
We integrated the peak currents in the CVs of 1·2PF6 and 2·3PF6 to obtain the total
charge transferred (Q), from which the surface coverage (Γ) was calculated according to the
relation Q = nFAΓ. Using the above method, we measured the surface coverage as a function
of [1·2PF6] or [2·3PF6], respectively. These data were fit to the Langmuir isotherm model
described by the equation Γ = ΓsKc(Kc+1)–1 (where K is the equilibrium constant of binding
and c is the concentration of adsorbate in solution) to determine the thermodynamic binding
parameters for the monopodal and tripodal motifs. The isotherm of 1·2PF6 (Figure 2.4A)
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corresponds to a ΔGads of –38.8 ± 0.2 kJ mol–1 while the isotherm of 2·3PF6 shows that it
binds with a ΔGads of –38.3 ± 0.5 kJ mol-1. Interestingly, the binding energies of the tripodal
and monopodal compounds are similar, despite significant differences in the kinetic stability
of the monolayers of the tripods (see below). It is possible that noncovalent interactions
among the pyrene rings in the unbound form of 1·2PF6 are disrupted upon binding to
graphene, an energetic cost reflected in its ΔGads. We will revisit this consideration when
designing future tripodal binding motifs.
The saturation coverage (Γs) of 1·2PF6 is 73.9 ± 0.2 pmol cm–2, which corresponds to
a 2.3 nm2 molecular footprint. The Γs of 2·3PF6 is 90.7 ± 0.6 pmol cm–2, a 1.7 nm2 molecular
footprint. The coverage of the monovalent binding compound is not significantly higher than
that of the tripod, despite the tripod’s larger size. This finding is consistent with our
hypothesis that the Co(tpy)2 complex of 2·3PF6 weakly interacts with the graphene surface27
and occupies a larger area on the surface than a single pyrene moiety. Thus, the tripodal
design allows for improved orientational control of its functionality while maintaining
comparable coverage.
Robust noncovalent functionalization requires that monolayers remain kinetically
stable in the absence of excess adsorbate in solution. We evaluated the kinetic stability of
monolayers of 1·2PF6 and 2·3PF6 by transferring functionalized graphene electrodes into
blank electrolyte. The coverage of monovalent 2·3PF6 rapidly diminished by 50% in just
under 8 min, with a first-order rate constant kd = 1.4 x 10–3 s-1 (Figure 2.4B). In contrast,
1·2PF6 desorbed 1000 times more slowly, decreasing only about 14% over 12 h, with a firstorder rate constant kd = 3.5 x 10–6 s–1 (Figure 2.4B). Thus, though compounds bearing a single
pyrene bind to graphene, their monolayers rapidly desorb in organic solvents. Monolayers
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based on the tripodal binding motif are stable for hours under similar conditions, which
should render them compatible with solution processing techniques, such as spin-coating or
drop-casting, often employed during device fabrication. For example, we anticipate that
appropriately functionalized tripod monolayers will serve as anchors for interfacing polymers
or extended materials to the graphene surface, and that the kinetic stability of the
tripod/graphene interaction will facilitate studies of molecular diffusion in two dimensions.
2.5

Conclusions
In conclusion, we have designed and synthesized a tripodal binding motif that adsorbs

strongly on the basal plane of single-layer graphene. We also have measured, through
electrochemistry, the kinetic and thermodynamic binding parameters of aromatic systems on
graphene for the first time. The tripod directs the variable functionality, here a Co(tpy)2 redox
probe, away from the graphene surface, as suggested by differences in rates of electron
transfer between tripodal and monovalent binding units. Our kinetic experiments demonstrate
that individual pyrene units readily desorb from graphene in organic solvents. In contrast,
tripodal binding motifs form stable monolayers that withstand infinite dilution conditions for
hours. Future studies will focus on characterizing the structure and dynamics of this tripodal
binding motif on the graphene surface using complementary spectroscopic and probe
microscopy techniques. Graphene is both a new platform for molecular assembly and a
technologically relevant electrode material, and specific non-covalent functionalization
methods are needed to reliably control its interface to organic materials. Methods for
preparing graphene with minimal defects and large grain size are advancing rapidly,28 making
functionalization of the pristine basal plane increasingly important. The orientational control
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and kinetic stability of monolayers of tripodal systems will enable their use as anchors in a
wide variety of contexts, including for integrating molecular compounds, extended materials,
and biomolecules for optoelectronic, catalysis, and biosensing applications.
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A. Materials. Unless otherwise noted, reagents were purchased from commercial suppliers
and used without further purification. 4'-(4-bromophenyl)-2,2':6',2''-terpyridine 4 and 4,4',4''(prop-2-yne-1,1,1-triyl)tris(methoxybenzene) 3 were prepared using a literature procedure.1
EtOAc, hexanes, and EtOH (absolute) were purchased from commercial sources and used
without further purification. THF, CH2Cl2, DMF, and PhMe were purchased from commercial
sources and purified using a custom-built activated alumina-based solvent purification
system. Graphene electrodes were fabricated by transferring graphene derived from a
chemical vapor deposition (CVD) procedure onto SiO2/Si wafers.2 Contacts were formed to
the graphene electrodes by pressing a silver wire into a small amount of indium metal which
had been pressed onto the graphene surface. Pt wire (20 Gauge - 99.9 % pure) was cleaned in
a propane flame before each use. Glassware for electrochemistry was cleaned in a
Nochromix™ / H2SO4 bath for 12 h, washed with H2O (HPLC grade), dried in an oven at 150
o

C for 3 h, and finally cooled in a dessicated chamber under dynamic vacuum.

Instrumentation. Infrared spectra of solid samples were recorded using a Thermo Nicolet
iS10 FT-IR spectrometer with a diamond ATR attachment and are uncorrected.
Mass spectra were obtained on a Waters MALDI micro MX MALDI-TOF mass
spectrometer using positive ionization in reflectron mode. A saturated solution of dithranol in
CH2Cl2 was used as the matrix.
NMR spectra were recorded on a Varian INOVA 400 MHz spectrometer using a 1H/X ZPFG probe, a Bruker ARX 300 MHz spectrometer using a BBO probe, a Varian INOVA
500MHz spectrometer using a standard 1H{13C, 15N} Z-PFG probe, or a Varian INOVA 600
MHz spectrometer using a standard 1H{13C, 15N} XYZ-PFG probe with a 20 Hz sample spin
rate.
Atomic force microscopy (AFM) analysis was performed on a Veeco DI 3100 AFM using
silicon cantilevers in non-contact mode.
Electrochemistry experiments were performed on a Princeton Applied Research
VersaSTAT 3 potentiostat using a standard three electrode configuration with graphene as the
working-sense electrode, a Pt wire as the counter and a Pt wire pseudoreference. The analyses
were performed in a custom made Teflon cell (Figure A1.1) that allowed exposure of a
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controlled area of the graphene electrode (Figure A1.2) (total area ca. 2 cm2, exposed area ca.
0.07 cm2).
E
C

A
D
B
Figure A1.1. Electrode cell with (A) Teflon body with solution holder and electrode window,
base (B) to secure the working electrode, and maintain a seal between the graphene surface
and a Teflon o-ring. Evaporation is prevented using a polypropylene cap (C). (D) A Pt lead is
attached to the graphene surface through and In pellet. (E) Pt counter and pseudo reference
electrodes.

Figure A1.2. Representative image of CVD graphene after transfer to Si/SiO2 that served as
the working electrode.
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B. Synthetic Procedures.
Scheme A1.1. Overall synthesis of a terpyridyl-functionalized graphene binding motif S2.

Scheme A1.2. Synthesis of S1.

Preparation of trityl-functionalized terpyridyl S1. A 50 mL round bottom flask containing
a stir bar was charged with 4 (1.007 g, 2.594 mmol), 3 (1.078 g, 3.008 mmol), CuI (60 mg,
0.315 mmol), and Pd(dppf)Cl2 (170 mg, 0.147 mmol). These solids were placed under a N2
atmosphere through three evacuation and backfilling cycles. Anhydrous THF (12 mL) and
freshly distilled Et3N (4.0 mL) were added to the reaction flask. The reaction mixture was
heated to 40 oC for 4 hrs, after which the reaction was judged to have proceeded to
completion by TLC (Al2O3, 10% EtOAc / hexanes, product Rf = 0.4). The reaction mixture
was concentrated under vacuum, redissolved in CH2Cl2 (50 mL), and washed with H2O (3 x
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50 mL). The organic layer was dried (MgSO4) and the solvent was removed under vacuum.
The resulting crude solid was filtered through a pad of Al2O3 (DCM), reisolated, and then
recrystallized from MeCN to provide S1 (1.1g, 59% yield) as a white solid. S1: 1H NMR (300
MHz, CDCl3, 298K) δ 8.76 (s, 3ʹ,5ʹ- pyridyl, 2H), 8.75 (d, J = 5 Hz, 6,6ʺ-pyridyl, 2H), 8.70 (d,
J = 8 Hz, 3,3ʺ-pyridyl, 2H), 7.87-7.97 (m, 3-aryl and 5,5ʺ-pyridyl, 4H), 7.63 (d, J = 8 Hz, 2aryl, 2H), 7.39 (ddd, J = 7 Hz, 5 Hz, 1 Hz, 4,4ʺ-pyriyl, 2H), 7.25 (d, 7 Hz, trityl 3-aryl, 6H),
6.86 (d, 7 Hz, trityl 2-aryl, 6H), 3.82 (s, 4-OCH3 , 9H). 13C NMR (75 MHz, CDCl3, 298K) δ
158.7, 156.1, 150.1, 149.1, 138.4, 138.0, 137.9, 132.6, 130.6, 130.5, 127.6, 125.1, 124.47,
122.1, 119.4, 113.7, 98.3, 84.6, 55.7, 54.6. IR (solid, ATR) 2952 2930, 2907, 2834, 2161,
1583, 1504, 1246, 1175, 1032, 825, 790 cm-1. MALDI-TOF-MS m/z Calcd. m/z 666.27
[M+H]+. Found m/z 666.22 [M+H]+.
Scheme A1.3. Demthylation of S1 to tris(phenol) 5.

Preparation of tris(phenol) 5: A flame-dried 250 mL round bottom flask was charged with
S1 (670 mg, 1.006 mmol) and placed under a N2 atmosphere. Anhydrous CH2Cl2 (50 mL)
CH2Cl2was added, and the solution was cooled to -78 oC. A solution of BBr3 in CH2Cl2
(1.0M, 50 mL, 50 mmol) was added using a gastight syringe, and the reaction mixture was
warmed to 0 oC submerging the flask in a bath of ice water. The reaction was determined to
be complete after 2 h by monitoring the MALDI-TOF-MS of an aliquot of the reaction
mixture. The reaction mixture was poured into ice water (100 mL), and the resulting solid was
isolated by filtration and redissolved in an aqueous KOH solution (~1.0 M , 45 mL). This
aqueous solution was washed with EtOAc (3 x 25 mL). The combined organic layers were
dried (MgSO4), and the solvent was evaporated to provide 5 (0.620 g, 93% yield) as an offwhite solid. 5: 1H NMR (300 MHz, DMSO-d6, 298K) δ 9.50 (s, OH, 3H), 8.73 (d, J = 4 Hz,
3,3ʺ-pyridyl, 2H), 8.66 (s, 3ʹ,5ʹ-pyridyl, 2H), 8.62 (d, J = 8 Hz, 6,6ʺ-pyridyl, 2H), 7.98 (td, J =
7 Hz, 1 Hz, 4,4ʺ-pyridyl, 2H), 7.90 (d, J = 8 Hz 2-aryl, 2H), 7.66 (d, J = 8 Hz, 3-aryl, 2H),
7.52 – 7.43 (td, 7 Hz, 1 Hz, 5,5ʺ-pyridyl, 2H), 7.05 (d, J = 8 Hz, trityl 2-aryl, 6H), 6.76 (d, J =
8 Hz, trityl 2-aryl, 6H). 13C NMR (75 MHz, DMSO-d-6) δ 156.1, 155.8, 154.9, 149.4, 148.5,
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137.5, 137.0, 135.9, 132.3, 129.7, 127.1, 124.6, 124.1, 121.0, 117.7, 114.8, 98.5, 83.6, 53.7,
30.8. IR (solid, ATR) 3051, 2930, 1702, 1588, 1505, 1172, 833, 827, 787 cm-1. MALDI-TOFMS: m/z 624.5 [M+H]+. Anal. Calcd for C42H29N3O3: C, 80.88; H, 4.69; N, 6.74. Found: C,
80.65; H, 4.60; N, 6.72.
Scheme A1.4. Synthesis of pyrene-containing tosylate 6.

Preparation of pyrene-containing tosylate 6. A flame-dried 250 mL round bottom flask was
charged with pyrene butanol (0.5131 g, 187 mmol) and a catalytic amount (5 mg, 0.04
mmol)of DMAP and placed under a N2 atmosphere. Anhydrous CH2Cl2 (90 mL) and freshly
distilled Et3N (20 mL) were added to the reaction flask, and the solution was cooled to -10oC
using a dry ice ethylene glycol bath, and a solution of p-toluenesulfonyl chloride in anhydrous
CH2Cl2 (0.1 M, 10 mL, 3.88 mmol) was added drop-wise. The reaction was determined to be
complete after 5 h by TLC (SiO2, 20% EtOAc / 80% hexanes, product Rf=0.25).The reaction
mixture was poured into water, and the organic layer washed with H2O (3 x 20 mL). The
organic layer was then dried (MgSO4) and the solvent removed under vacuum. The resulting
crude oil was purified by column chromatography (SiO2, 20% EtOAc / 80% hexanes, product
Rf=0.25) to provide 6 (0.527 g, 65% yield) as an off-white solid. 6: 1H NMR (400 MHz,
CDCl3, 298 K) δ 8.21 – 7.75 (m, pyrene, 9H), 7.73 (d, J = 8 Hz, tosyl 2-aryl, 2H), 7.23 (d, J =
8 Hz, tosyl 3-aryl 2H), 4.08 (t, J = 6 Hz, 1-butyl CH2, 2H), 3.31 (t, J = 7 Hz, 4-butyl CH2,
2H), 2.35 (s, tosyl CH3, 3H), 1.96 – 1.74 (m, 2,3-butyl CH2, 4H). 13C NMR (100 MHz,
CDCl3, 298 K) δ 144.6, 135.8, 131.4, 130.8, 129.9, 129.7, 129.7, 128.5, 127.8, 127.4, 127.3,
127.1, 126.7, 125.8, 124.9, 124.7, 123.1, 70.3, 32.7, 28.7, , 21.5. IR (solid, ATR) 3041, 2934,
1599, 1586, 1505, 1464, 1455, 1354, 1187, 1173, 841, 815, 661 cm-1. MALDI-TOF-MS
Calcd. m/z 429.152. Found m/z 429.232 [M+H]+.
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Scheme A1.5. Synthesis of pyrene-containing tripodal terpyridine S2.

Preparation of pyrene-containing tripodal terpyridine S2. A 25 mL flame-dried round
bottom flask was charged with 5 (51 mg, 0.080 mmol) and placed under a N2 atmosphere.
Anhydrous DMF (6 mL) was added to the reaction flask followed by excess NaH (60%
suspension in mineral oil) changing the reaction mixture from yellow to green. After 20 min,
a solution of 6 in anhydrous DMF (0.16 M, 2 mL, 0.323 mmol) was added. The reaction was
determined to be complete after 2 h by TLC (NH2-SiO2 , PhMe product Rf = 0.33). The
reaction mixture was poured into water (20 mL), filtered through celite and the celite washed
with CH2Cl2. The resulting biphasic mixture was transferred to a separatory funnel and the
CH2Cl2 layer removed and washed with H2O (3 x 10 mL), dried (MgSO4) and the solvent
removed under vacuum. The crude oil was purified by flash chromatography (amine capped
SiO2, 50% hexanes / 50% PhMe-PhMe) to provide S2 (40 mg, 35% yield) as a white foam.
S2: 1H NMR (400 MHz, CDCl3, 298 K) δ 8.82 (s, 3ʹ,5ʹ- pyridyl, 2H) 8.76 (d, J = 4 Hz, J = 1
Hz, 6,6ʺ-pyridyl, 2H), 8.26 (d, J = 9 Hz, 6.0, 3H), 8.18 – 7.81 (m, pyrene, 2-aryl, 3,5,3ʺ,5ʺpyridyl, 31H), 7.61 (d, J = 8.0, 3-aryl, 2H), 7.67 – 7.58 (td, J = 6 Hz, 1 Hz, 4,4ʺ-pyridyl, 2H),
7.23 (d, J = 9 Hz, trityl 2-aryl, 6H), 6.85 (d, trityl 3-aryl, 6H), 4.02 (t, J = 6 Hz, 1-butyl , 6H),
3.41 (t, J = 7 Hz, 4-butyl, 6H), 2.14 – 1.86 (m, 2,3-butyl, 12H). 13C NMR (101 MHz, CDCl3,
298 K) δ 157.9, 156.2, 156.0, 149.5, 149.2, 138.0, 137.0, 136.6, 132.3, 131.5, 131.0, 130.2,
129.9, 128.7, 127.6, 127.3, 127.2, 126.7, 125.9, 125.2, 125.1, 124.9, 124.88, 124.8, 123.9,
123.5, 121.5, 118.7, 113.9, 67.7, 33.2, 29.8, 29.3, 28.3. IR (solid, ATR) 2974, 2922, 2863 cm1
. MALDI-TOF-MS Calcd. m/z 1393.607. Found m/z 1393.529 [M+H]+ Anal. Calcd for
C102H77N3O3: C, 87.96; H, 5.57; N, 3.02. Found: C, 87.89; H, 5.84; N, 2.84.
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Scheme A1.6. Synthesis of Co(tpy)Cl2 ·MeCN 7.

Preparation of Co(tpy)Cl2 ·MeCN 7. A 50 mL round bottom flask was charged with
2,2':6',2''-terpyridine (203.1 mg, 0.87 mmol) and MeCN (25 mL). CoCl2.6H2O (275.5 mg,
1.15 mmol) was added as a solid to the reaction mixture. The resulting red mixture was stirred
for 2 h during which the mixture turned light green and a precipitate formed. The green solid
was collected by filtration and washed with acetonitrile and diethyl ether to provide 7 ( 0.491
g, 78% yield). 7: 1H NMR (400 MHz, D2O, 298 K) δ 189.5, 106.6, 83.7, 51.2, 34.1, 15.7, 1.9.
13
C resonances were not observed due to the paramagnetic nature of this compound. MALDITOF-MS Calcd 402.99 [M]+. Found 402.6 [M]+, 368.7 [M-Cl]+, 327.7 [M-Cl-MeCN]+. IR
(solid, ATR) 3035, 2163, 1595, 1471, 1449, 769 cm-1. Anal. Calcd. for C15H11Cl2CoN3: C,
49.62; H, 3.05; N, 11.57. Found: C, 49.31; H, 3.01; N, 11.59.
Scheme A1.7. Synthesis of (Terpyridine)(Tripod) Cobalt (II) (PF6)2 1·2PF6.

Preparation of (Terpyridine)(Tripod)Co(PF6)2 1·2PF6. A 20 mL scintillation vial was
charged with 7 (0.029 g, 0.072 mmol) and methanol (3.6 mL). The mixture was stirred to give
a suspension to which S2 (50 mg, 0.036 mmol) was added slowly as a solution in THF (1.8
mL). After 15min of stirring, saturated aqueous NH4PF6 was added to precipitate the product
which was collected by filtration, and washed with H2O (3 x 2 mL) to provide 1·2PF6- (0.045
g, 75% yield) as an orange powder. 1·2PF6- : 1H NMR (400 MHz, CDCl3, 298 K) δ 96.03,
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78.87, 70.70, 56.30, 45.99, 33.40, 23.49, 17.55, 14.18, 12.21, 9.21, 8.71, -11.47 (Knight
shifted diagnostic peaks) . 13C resonances were not observed due to the paramagnetic nature
of this compound. ESI-MS calculated for [C117H88CoN6O3]2+ [M]2+ m/z 841.81 found m/z
841.78. MALDI-TOF-MS Calcd. m/z 1683.624. Found m/z 1683.535 [M+H]+ . IR (solid,
ATR) 2922, 2853, 839 cm-1.
Scheme A1.8. Synthesis of (Terpyridine)(Tripod) Cobalt (III) (PF6)3 S3·3PF6.

Preparation of (Terpyridine)(Tripod)Co(PF6)3 S3·3PF6. A 1 dram vial was charged with
1·2PF6 (0.010 g, 0.005 mmol), a stir bar, and THF (1 mL). Excess AgPF6 was then added as a
solid to the stirring mixture. After 15 min the resulting yellow mixture was filtered through
celite, and the solvent removed to provide S3·3PF6 (0.010 g, quantitative) as a yellow solid.
S3·3PF6: 1H NMR (600 MHz, CD2Cl2, 298 K) δ 8.86 (s, 3ʹ,5ʹ- pyridyl 2H ), 8.35 (d, J = 7.8
Hz, 6,6ʹʹ-pyridyl, 2H), 8.24 (d, J = 9.0 Hz, 2-aryl, 2H), 8.16 – 7.9 (m, 33H), 7.83 (d, J = 7.6
Hz, 2-pyrenyl, 3H) 7.42 (t, J = 6.3 Hz, 5,5ʹʹ-pyridyl, 2H), 7.31 (d, J = 5.4 Hz, 4,4ʹʹ-pyridyl,
2H), 7.24 (d, J = 8.7 Hz, trityl 2-aryl, 6H), 6.82 (d, J = 8.7 Hz, trityl 3-aryl,6H), 3.96 (t, J =
6.0 Hz, 4-butyl, 6H), 3.35 (t, J = 7.7 Hz, 1-butyl, 6H), 2.01 – 1.93 (m, 3-butyl, 6H), 1.93 –
1.85 (m, 2-butyl, 6H). 13C NMR (125 MHz, CD2Cl2, 298 K) δ 158.1, 158.0, 157.9, 155.5,
155.4, 143.0, 137.3, 136.8, 133.8, 132.9, 131.8, 131.7, 131.6, 131.3, 130.8, 130.1, 130.0,
129.9, 129.6, 128.5, 128.4, 127.7, 127.6, 127.6, 127.5, 127.5, 127.4, 127.2, 127.06, 127.0,
127.0, 126.9, 126.4, 125.7, 125.1, 125.1, 125.1, 124.8, 124.8, 124.7, 124.6, 124.56, 124.5,
124.4, 124.3, 124.2, 124.1, 123.4, 123.3, 123.2, 113.9, 113.8, 67.7, 33.0, 30.6, 29.2, 28.2.
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Scheme A1.9. Overall synthesis of a terpyridyl-functionalized monopodal graphene binding
motif S6.

Scheme A1.10. Synthesis of 1-(4-(4-iodophenoxy)butyl)pyrene S4.

Preparation of 1-(4-(4-iodophenoxy)butyl)pyrene S4. A 250 mL round-bottom flask was
charged with a 4-iodophenol (0.30 g, 1.36 mmol), 6 (0.70 g, 1.64 mmol), anhydrous DMF (14
mL), and NaH (0.3 g, 16 mmol) and placed under a N2 atmosphere. The reaction was
determined to be complete after 2 h by TLC (SiO2 , 20% EtOAc / 80% hexanes, product Rf =
0.41). The reaction mixture was poured into H2O (50 mL) and the resulting solid was isolated
by filtration to provide S4 (0.637 g, 98% yield) as a white powder. S4: 1H NMR (400 MHz,
CDCl3, 298 K) δ 8.26 (d, J = 9 Hz, 3-pyrenyl, 1H), 8.18 – 7.95 (m, 4,5,6,7,8,9,10-pyrenyl,
7H), 7.86 (d, J = 8 Hz, 2-pyrenyl, 1H), 7.51 (d, J = 7 Hz, 2-aryl, 2H), 6.64 (d, J = 7Hz, 3-aryl,
2H), 3.95 (t, J = 6 Hz, 1-butyl, 2H), 3.40 (t, J = 8 Hz, 4-butyl, 2H), 2.11 – 1.86 (m, 2,3-butyl,
4H). 13C NMR (75 MHz, CDCl3, 298 K) δ 159.0, 138.3, 136.5, 131.6, 131.0, 130.0, 128.7,
127.6, 127.6, 127.4, 126.7, 125.9, 125.2, 125.0, 124.9, 124.8, 123.4, 117.0, 82.6, 67.9, 33.2,
29.2, 28.3. FT-IR (ATR) 3038, 2937, 2927, 2866, 1486, 1244, 841 cm-1. MALDI-TOF-MS
Calcd. m/z 476.06 [M]+. Found m/z 476.12 [M]+ Anal. Calcd. for C26H21IO: C, 65.56; H,
4.44. Found: C, 65.28; H, 4.51.
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Scheme A1.11. Synthesis of 1-(4-(4-ethynylphenoxy)butyl)pyrene S5.

Preparation of 1-(4-(4-Ethynylphenoxy)butyl)pyrene S5. A flame-dried 5 mL roundbottom flask was charged with S4 (0.50 g, 1.05 mmol) followed by CuI (0.02 g , 0.105 mmol)
and Pd(PPh3)2Cl2 (0.037 g , 0.052 mmol). These solids were placed under a N2 atmosphere
through three evacuation and backfilling cycles. Anhydrous THF (5.2 mL) and freshly
distilled i-Pr2NH (2.5 mL) were added to the flask, followed by TMS acetylene (0.29 mL,
2.09 mmol). The reaction was determined to be complete after 5 h by TLC (10% Et2O / 90%
hexanes, product Rf = 0.3). The reaction mixture was filtered through celite and the solvent
was removed under vacuum. The crude oil was redissolved in THF (10 mL) and TBAF 75
wt% in H2O (0.66 mL, 1.89 mmol) was added. The deprotection was determined to be
complete after 2 h by IR, using the Si-C (831 cm -1) stretch and alkyne C-H (3284 cm1
)stretch. The reaction mixture was diluted with CH2Cl2 (5 mL) and washed with H2O (3 x 10
mL), dried (MgSO4), and the solvent removed under vacuum. The resulting crude oil was
purified by column chromatography (SiO2, 10% EtOAc / 90% hexanes) to provide S5 (0.239
g, 72%) as a white powder. S5: 1H NMR (400 MHz, CDCl3, 298 K) δ 8.28 (d, J = 9 Hz, 3pyrenyl, 1H), 8.20 – 7.96 (m, 4,5,6,7,8,9,10-pyrenyl, 7H), 7.88 (d, J = 7 Hz, 2-pyrenyl, 1H),
7.41 (d, 8 Hz, 2-aryl, 2H), 6.83 (d, 8 Hz, 3-aryl, 2H), 4.01 (t, J = 6 Hz, 1-butyl, 2H), 3.42 (t, 6
Hz, 4-butyl, 2H), 3.00 (s, alkyne-CH, 1H), 2.22 – 1.77 (m, 2,3-butyl, 4H). 13C NMR (100
MHz, CDCl3, 298 K) δ 169.3, 159.6, 136.6, 133.7, 131.6, 130.0, 128.8, 127.7, 127.4, 127.4,
126.8, 126.0, 125.1, 125.0, 124.9, 123.5, 114.6, 114.1, 83.9, 75.9, 67.9, 33.3, 29.3, 28.4. IR
(solid, ATR) 3284, 3039, 2940, 2869, 2104, 1604, 1505 cm -1. MALDI-TOF-MS Calcd. m/z
374.17 [M]+. Found m/z 374.47 [M]+ Anal. Calcd. for C28H22O: C, 89.81; H, 5.92. Found: C,
89.72; H, 5.96.
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Scheme A1.12. Synthesis of the pyrene-containing terpyridine S6.

Preparation of the pyrene-containing terpyridine ligand S6. A flame-dried, 5 mL roundbottom flask was charged with 1-(4-(4-ethynylphenoxy)butyl)pyrene (0.127 g, 0.433 mmol),
S5 (0.110 g , 0.361 mmol), CuI (0.014 g , 0.072 mmol), and Pd(dppf)Cl2 (0.042 g , 0.036
mmol). These solids were placed under a N2 atmosphere through three evacuation and
backfilling cycles. Freshly distilled triethylamine (1 mL) and anhydrous THF (2 mL) were
then added to the flask. The reaction was determined to be complete after 13 h by MALDIMS through disappearance of X. The reaction mixture was filtered through celite, the solvent
removed under vacuum, the resulting oil re-dissolved in CH2Cl2 and the substance adsorbed
onto celite. The resulting powder was purified by flash chromatography (amine SiO2 10%
EtOAc / 90% hexanes) to provide S6 (0.055 g, 22% yield) as a yellow solid. S6: 1H NMR
(400 MHz, CDCl3, 298 K) δ 8.78 (s, 3ʹ,5ʹ- pyridyl, 2H), 8.75 (dd, J = 5 Hz, 1 Hz, 6,6ʺ-pyridyl,
2H), 8.70 (d, J = 8 Hz, 3,3ʺ-pyridyl, 2H), 8.29 (d, J = 9 Hz, 3-pyrenyl, 1H), 8.20 – 7.87 (m,
pyrene, terpy 2-aryl, 4,4ʺ-pyridyl, 13H), 7.65 (d, J = 8 Hz, terpy 3-aryl, 2H), 7.48 (d, J = 9
Hz, 2-aryl, 2H), 7.39 (ddd, J = 7 Hz, 5 Hz, 1 Hz, 5,5ʺ-pyridyl 2H), 6.89 (d, J = 9 Hz, 3-aryl,
2H), 4.05 (t, J = 6 Hz, 1-butyl , 2H), 3.44 (t, J = 8 Hz, 4-butyl, 2H), 2.27 – 1.77 (m, 2,3-butyl,
4H). 13C NMR (125 MHz, CDCl3, 298 K) δ 137.7, 136.4, 134.0, 133.1, 132.0, 131.4, 130.9,
129.8, 128.6, 127.5, 127.3, 127.2, 126.6, 125.8, 125.1, 125.0, 124.9, 124.8, 124.7, 124.0,
123.3, 121.6, 118.8, 115.0, 114.7, 114.7, 114.5, 110.1, 110.0, 109.9, 109.7, 105.2, 67.7, 33.1,
29.1, 28.2. IR (solid, ATR) 3042, 2922, 2851, 2212, 1583 cm -1. MALDI-TOF-MS Calcd. m/z
682.286. Found m/z 682.303 [M+H]+.
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Scheme A1.13. Synthesis of the pyrene containing monopodalterpyridine cobalt (III) complex
2·3PF6.

Preparation of the pyrene-containing monopodal Co(III) complex 2·3PF6. A 25 mL
round-bottom flask was charged with 7 (43.1 mg , 0.172 mmol) and the solid suspended in
MeOH (3.6 mL) by stirring S6 (29 mg, 0.043 mmol) was added slowly as a solution in THF
(4.3 mL). The resulting red mixture was stirred for 30 min and excess AgPF6 was added. The
resulting yellow solution was allowed to stir for 20 min until TLC (SiO2, 80% MeCN / 10%
H2O / 10% sat’d NaNO3 (aq)) showed only Co+3 (yellow) species. The products were then
precipitated by addition of excess saturated aqueous NH4PF6. The solids were collected by
filtration and purified by column chromatography (SiO2, 80% MeCN / 10% H2O / 10%
saturated aqueous NaNO3 (aq)). The pure heteroleptic complex was precipitated from the
column fractions by addition of excess saturated aqueous NH4PF6 followed by removal of the
organic volatiles. The solids were collected by filtration, washed with water, and dried under
vacuum to give 2·3PF6 (0.019 g, 22% yield) as an orange powder. 2·3PF6: 1H NMR (600
MHz, (CD3)2CO, 298 K) δ 9.82 (s, 3ʹ,5ʹ- pyridyl, 2H), 9.42 (d, J =8.10 Hz, 3ʹ,5ʹ- pyridyl cap,
2H), 9.33 (t, J =8.10 Hz, 4ʹ- pyridyl cap, 1H), 9.19 (dd, J = 7.92 Hz, 1.50 Hz, 3,3ʺ-pyridyl,
2H), 8.98 (dd, J = 7.94 Hz, 1.55 Hz, 6,6ʺ-pyridyl, 2H), 8.48 (d, J = 8.47 Hz, 2-phenyl, 2H),
8.45-8.40 (m, 5,5ʺ-pyridyl and cap, 3-pyrenyl, 5H), 8.26 (m, J = 7.55 Hz, 6-pyrenyl, 1H), 8.25
(d, J = 7.55 Hz, 8-pyrenyl, 1H), 8.23 (d, J = 7.67, 4-pyrenyl, 1H), 8.20 (d, 9.33 Hz, 2-pyrenyl,
1H), 8.13 (d, 8.90 Hz, 9-pyrenyl, 1H), 8.11 (d, 8.90 Hz, 10-pyrenyl, 1H), 8.04 (t, 7.55 Hz, 7pyrenyl, 1H), 8.03-7.98 (m, 5-pyrenyl, 4ʹ- pyridyl, 2H), 7.92 (d, J = 8.47 Hz, 3-phenyl, 2H),
7.85 (dd, J = 5.97 Hz, 1.25 Hz, 6,6ʺ-pyridyl cap, 2H), 7.60-7.58 (m, 4,4ʺ-pyridyls, 4H), 7.55
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(d, J = 8.69 Hz, 2ʹ-phenyl, 2H), 7.05 (d, J = 8.69 Hz, 3ʹ-phenyl, 2H), 4.19 (t, J = 6.36 Hz, 1butyl, 2H), 3.49 (t, J = 7.39 Hz, 4-butyl, 2H), 2.02 (m, 2,3-butyl, 4H). 13C NMR (125 MHz,
(CD3)2CO, 298 K) δ 166.22, 163.02, 160.10, 157.48, 156.93, 156.85, 156.82, 156.75, 156.69,
154.52, 152.78, 152.76, 152.63, 148.49, 143.34, 143.23, 136.94, 135.44, 133.28, 132.78,
132.45, 131.51, 131.09, 131.05, 131.01, 129.93, 128.65, 128.62, 128.03, 127.54, 127.50,
127.42, 127.37, 127.25, 126.59, 126.02, 125.09, 124.96, 124.94, 124.85, 124.77, 123.53,
114.93, 114.92, 109.99, 67.82, 32.72. IR (solid, ATR) 2922, 2853, 839 cm-1. MALDI-TOFMS Expected: m/z 973.3065 [M] + Observed: m/z 973.255 [M] +. ESI-MS Expected: 486.653
[M-3PF6]2+ Observed: 486.632 m/z [M-3PF6]2+.
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C. NMR Spectra
Figure A1.3. 1H NMR of terpyridine S1 (300 MHz, CDCl3, 298K).

Figure A1.4. 13C NMR of terpyridine S1(75 MHz, CDCl3, 298K).
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Figure A1.5. 1H NMR of terpyridine 5 (300 MHz, (CD3)SO, 298K).
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Figure A1.7. 1H NMR of pyrene butanol tosylate 6 (400 MHz, CDCl3, 298K).

Figure A1.8.

13

C NMR of pyrene butanol tosylate 6 (100 MHz, CDCl3, 298K).
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Figure A1.9. 1H NMR of pyrene anchored tripod S2 (400 MHz, CDCl3, 298K).

Figure A1.10. 13C NMR of pyrene anchored tripod S2 (100 MHz, CDCl3, 298K).
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Figure A1.11. 1H NMR of (tpy)CoCl2MeCN 7 (400 MHz,D2O, 298K).

Figure A1.12. 1H NMR of Co complex 1·2PF6 (400 MHz, CDCl3, 298K).
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Figure A1.13. 1H NMR of Co complex S3·3PF6 (600 MHz, CD2Cl2, 298K).

Figure A1.14. 13C NMR of Co complex S3·3PF6 (125 MHz, CD2Cl2, 298K).
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Figure A1.15. 1H NMR of pyrene monopod precursor S4 (400 MHz, CDCl3, 298K).

Figure A1.16. 13C NMR of pyrene monopod precursor S4 (100 MHz, CDCl3, 298K).
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Figure A1.17. 1H NMR of pyrene monopod precursor S5 (400 MHz, CDCl3, 298K).

Figure A1.18. 13C NMR of pyrene monopod precursor S5 (100 MHz, CDCl3, 298K).
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Figure A1.19. 1H NMR of monopod ligand S6 (400 MHz, CDCl3, 298K).

Figure A1.20. 13C NMR of monopod ligand S6 (100 MHz, CDCl3, 298K).
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Figure A1.21. 1H NMR of monopod Co complex 2·3PF6 (600 MHz, (CD3)2CO, 298K).

Figure A1.22.

13

C NMR of monopod Co complex 2·3PF6 (125 MHz, (CD3)2CO,

298K).
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D. Electrochemical Characterization
Electrochemistry on graphene. All electrochemical experiments were carried out in 0.1M
NH4PF6 in THF as supporting electrolyte under ambient conditions (i.e. oxygen and trace
water). Graphene electrodes were prepared by transferring single-layer graphene grown on Cu
foil by chemical vapor deposition onto Si/SiO2 wafers.2 Electrical contact was made to the
graphene by pressing a Pt wire into a bead of In metal placed on the graphene surface outside
of the electroactive region. All measurements used 1 mL of analyte solution. The
electrochemical cell consisted of a custom made Teflon cell with a single compartment. Pt
counter and pseudoreference electrodes were used. Cyclic voltammagrams were recorded in
analyte solution in every case, except desorption experiments, which used supporting
electrolyte only.
Figure A1.23. Cyclic voltammagrams at varying scan rates of monopod complex 2·3PF6
adsorbed on a graphene (0.1M NH4PF6 in THF, 0.5 µM analyte, 0.1 V s-1 to 0.5 V s-1).
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Figure A1.24. Plot of potential sweep rate vs. peak current for 0.5 µM 2·3PF6 on graphene.

Figure A1.25. Langmuir binding isotherms for 2·3PF6 (red) and 1·2PF6 (blue) on graphene.
The increase in coverage above 2.5 µM for 1·2PF6 corresponds to multilayer coverage.
Coverages in excess of a monolayer are not kinetically stable and drop to monolayer coverage
upon rinsing the graphene surface with small amounts of blank electrolyte solution.
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Figure A1.26. Plot of potential sweep rate vs. peak current for 1.0 µM 1·2PF6 on graphene
(constructed using the CV in Figure 2A).

Kinetic analysis of cyclic voltammograms for 1·2PF6 and 2·3PF6. We evaluated the
interfacial electron transfer kinetics between the Co(tpy)2 redox couple and the graphene
electrode using the criteria defined by Laviron.3 Plots of Ep vs. log10 (ν) for 1·2PF6 and
2·3PF6 illustrate the difference in their kinetics qualitatively (Figure 2B). We calculated ko for
each compound by fitting the plot of the difference in peak current potentials of the anodic
and cathodic scans (ΔEp) against m-1 (m = RTko(nFν)-1, where R is the universal gas constant,
T is the temperature and F is Faraday’s constant) to Laviron’s master curve. For 1·2PF6
(Figure S25), the fit is good and corresponds to ko = 13.5 s-1 and α = 0.5. However, the fit for
2·3PF6 is not ideal. This non-ideal fit complicates the calculation of ko, but we estimate ko ≈
18 s-1 by assuming α = 0.5 (Figure S26). It is possible that discrepancies in the rates of
electron transfer between redox centers bearing tripodal and monopodal motifs arise from
varying rates of electron tunneling induced by different distances between the redox center
and the graphene electrode, or because of slight differences in their structure. Furthermore,
discrepancies in fitting of 2·3PF6 to Laviron’s model might arise from phenomena outside of
its scope. For example, the relatively fast desorption rate of 2·3PF6 may give rise to dynamic
processes (e.g. rotation in the vicinity of the electrode), and estimates of k0 will reflect the
distribution of distances of the redox center to the electrode.
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Figure A1.27. Plot of the peak to peak separation of the anodic and cathodic peaks in the CV
shown in Figure 2.2A versus the inverse of the kinetic parameter m. The fit to the Laviron
master curve (black) for 1·2PF6 used k0= 13.5 s-1 as parameter to adjust the horizontal axis.

Figure A1.28. Plot of the peak to peak separation for the anodic and cathodic peaks in the CV
shown in Figure A1.21 versus the inverse of the kinetic parameter m. The fit to the Laviron
master curve (black) for 2·3PF6 used k0= 18 s-1 as parameter to adjust the horizontal axis.
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CV Simulations. We compared the experimental curves shown in Figure 2A to simulations to
further evaluate the voltammetric behavior of 1·2PF6. We compared the experimental CVs to
simulated I-E curves for Langmuirian conditions as a function of α, m and the overpotential
η. Figures A2.27 and A2.28 show the experimental and simulated CVs for the lowest and
highest scan rates shown in Figure 2.2A in the main text, ν = 0.1 V/s and 1 V/s, respectively.
A constant capacitive contribution was added to match the experimental background current
adequately, and we assumed that α = 0.5. The simulations, using the value of k0 found in
Figure A1.27B, reproduce the peak-to-peak separation at both scan rates and demonstrate that
the shapes of the surface waves for both the oxidation and reduction of 1·2PF6 conform to a
Langmuir model. The presence of lateral interactions in the adsorbed species would distort the
bell-shaped CV wave, but such distortions are nearly absent from the experimental data.
Figure A1.29. Experimental (red) and simulated (blue) CV for 1·2PF6 at 0.1 V s-1.

Figure A1.30. Experimental (red) and simulated (blue) CV for 1·2PF6 at 1.0 V s-1.

67

E. Atomic Force Microscopy

.

Figure A1.31. AFM of as transferred single layer graphene on silicon.

500 nm

Figure A1.32. AFM of graphene functionalized with 2.5 µM 1·2PF6.

500 nm
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CHAPTER THREE
IMPROVING THE BINDING CHARACTERISTICS
OF TRIPODAL COMPOUNDS ON SINGLE LAYER GRAPHENE
3.1

Abstract
Graphene is an atomically thin, transparent, and conductive material of interest as an

electrode in sensors, and energy conversion and storage devices, among others. Fully realizing
its potential will require robust and general methods to anchor active functionality onto its
pristine basal plane. Such strategies should not involve covalent bonding, which disrupts the
graphene’s π-electron system, from which most of its desirable properties arise. Polycyclic
aromatic hydrocarbons interact with graphene through Van der Waals interactions, and we
recently introduced a tripodal binding motif that forms robust monolayers that prevent protein
denaturation on the graphene surface. Here we establish structure-property relationships for
tripod binding groups across a series of tripods with different sized anchors. All members of
the series adsorb strongly (ΔGads ca. -39 kJ mol-1) to graphene’s basal plane, but show kinetic
stabilities that vary over two orders of magnitude and monolayer densities that vary by a
factor of two. This study identifies phenanthrene anchors as superior to pyrene anchors on the
basis of its increased monolayer density and similar kinetic stability. We also demonstrate that
varying the length of the methylene linkers between the feet and tripodal core does not affect
binding substantially. These results represent the first demonstration of structure-property
relationships in the assembly of molecular adsorbates on graphene and provide a general
framework for designing and evaluating future binding motifs.
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3.2

Introduction
Graphene offeres a combination of useful properties found in no other single material,

which has attracted intense research interest since the isolation of single-layer samples by
mechanical exfoliation in 2004.1 Single and few-layer graphene exhibit exceptional
conductivity,2 high strength and flexibility,3 optical transparency,4 and impermeability to
atomic and molecular species.5 Recent advances in graphene production, most notably using
chemical vapor deposition (CVD) techniques, provide high quality,6 large-area7 samples that
are readily transferred to arbitrary substrates.8 SLG’s increased availability and exceptional
properties have inspired the development of general methods to interface molecular9 and
polymeric10 species to its basal plane. These strategies are in their infancy relative to the
established self-assembled monolayer chemistries available for metallic (such as gold, silver,
and platinum),11 metal oxide (e.g. indium-doped tin oxide),12 and silicon electrodes.13 Such
covalent functionalization of graphene has been achieved using diazonium reagents,14 but
these reactions occur preferentially at edges and defect sites,15 and degrade graphene’s
desirable properties at high functionalization densities.16 Noncovalent functionalization avoids
these undesirable features, which has motivated our efforts to design compounds that form
predictable and robust self assembled monolayers on SLG.
In Chapter 2, we introduced a tripodal graphene binding motif that presents three
pyrene “feet” to bind multivalently to the SLG surface.17 Monolayers of these tripods form on
SLG from dilute (µM) solutions and are 103 times more kinetically stable than those of
comparable monovalent binding groups. Because they are interfaced to SLG noncovalently,
the tripods are free to diffuse over the graphene basal plane, which was characterized using
scanning electrochemical microscopy, as described in Chapter 4 of this dissertation.18 In
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addition, tripod monolayers capable of protein bioconjugation serve as effective anchors that
preserve the function of attached antibodies19 and lectin proteins (for additional details see
Chapters 5 and 6).20 In contrast, these proteins denature and lose their molecular recognition
functions when adsorbed onto bare SLG or SLG functionalized with a monolayer of a
monovalent pyrene anchors. The above findings have now led us to improve the tripod
binding characteristics by exploring the influence of different binding groups on their
molecular packing density and monolayer stability.
Here we show that tripods bearing phenanthrene and naphthalene “feet” form
monolayers with higher molecular density than the pyrene tripod, consistent with their smaller
binding groups. However, their monolayers show attenuated resistance to desorption under
infinite dilution conditions. For example, naphthalene tripods form monolayers with 1.54
times higher density than pyrene tripods, but desorb 2.5 orders of magnitude more rapidly.
This trade-off suggests that naphthalene feet are too small to be of practical use for many
applications, although their packing density and stability are both superior to those of single
pyrene moieties. In contrast, phenanthrene tripods offer increased molecular density (1.43
times that of pyrene tripods) but desorb only three times as quickly. As such, phenanthrene
tripods are likely to be superior binding groups for many applications. Comparisons of the
monolayer coverage and stability across the tripod series and for the monovalent pyrene
anchor are also consistent with the hypothesis that the tripods adopt an upright conformation
on the SLG surface. We also study the effect of shortening the four-carbon linker between the
feet and tetrahedral core to a single methylene group. This change might be expected to
weaken the tripod-SLG interaction by restricting the ability of all three feet to interact with
the surface. However, we observe almost no change in density or monolayer stability between
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the two compounds, suggesting that the choice of linker can be selected based on synthetic
convenience. This work represents a significant step forward in our understanding of
molecular assembly on the graphene basal plane and for the availability of general binding
motifs for the noncovalent functionalization of SLG.
3.3

Results and Discussion
In Chapter 2, we discussed the coverage and kinetic stability of the Co(tpy)2-

functionalized tripod with pyrene feet 1a•2PF6 and corresponding monovalent complex
2•3PF6. The phenanthrene and naphthalene tripods 1b•2PF6 and 1c•2PF6, respectively, derive
from a common alkyne precursor 3 (Scheme 3.1). Sonogshira cross-coupling between 3 and
terpyridine 4, followed by demethylation using BBr3, provides tris(phenol) 5. Williamson
etherification of 5 with the appropriate polycyclic aromatic hydrocarbon (PAH) electrophile
followed by formation of the heteroleptic Co(tpy)2 complex, provides the series of tripods 1ac•2PF6. The Co2+ complexs are paramagnetic, complicating their characterization using NMR
spectroscopy, but oxidation to the corresponding Co3+ state using AgPF6 provides readily
characterized diamagnetic species. We also prepared two ferrocene-containing pyrene tripods
with a variable number of methylene spacers (1 or 4) between the PAH feet and the
tetrahedral core. Ferrocene was selected as an alternate redox couple because of its rapid
electron transfer kinetics, ease of synthesis, and chemical stability. It was incorporated into
tripods via intermediate 6, which serves as a universal tripod precursor to which various feet
and active head groups may be attached.
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Scheme 3.1. The synthesis of 1a-c·2PF6 and 7a-b.

Cyclic voltammetry (CV) at SLG working electrodes (0.07 cm2 active area, see
Appendix for fabrication details; THF / 0.1M n-Bu4NClO4 supporting electrolyte ) of each of
the above compounds (1a-c•PF6, Appendix Figure A2.35-36; 7a-b, Figure A2.37-38) showed
behavior consistent with electrode-bound redox couples. Compounds 1a-c•PF6 showed
quasireversible electron transfer kinetics, with peak separations of their oxidative and
reductive waves (ΔEp) ca. 100mV at potential sweep rates of 0.1V s-1. Ferrocene compounds
7a-b showed electrochemical reversibility, over the full range of scan rates examined (up to
0.5 V s-1), as indicated by their ΔEp of 0-60 mV (we attribute the variation of ΔEp to variations
in graphene electrode conductivity).21 All five complexes showed complete chemical
reversibility as indicated by consistent peak shape and height over many voltammetric cycles.
The charge passed during oxidation and reduction is directly proportional to the monolayer
density through the equation Γ = Q(nFA)-1, in which Γ is the coverage, n is the number of
electrons transferred, Q is the charge passed, F is the Faraday constant, and A is the
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electroactive area of the working electrode. We used CV to construct adsorption isotherms by
determining the surface coverage as a function of the solution concentration of compounds
1a-c·2PF6. The isotherms were fit to the Langmuir model using the equation Γ = Γs Kc(Kc
+1)-1, allowing extraction of the monolayer saturation coverage (Γs) and energy of adsorption
(ΔGads, Figure 3.1A). Each of the binding groups exhibits a favorable ΔGads of ca. -39 kJ mol-1
(see Appendix Table A3.1), which is relatively strong for noncovalently bound species.

Figure 3.1. (A) Binding isotherms calculated from CV measurements of the coverage of 1a-c·2PF6 at
varying solution concentrations. (B) Plot of saturation coverage vs total anchor area, showing
significant deviation from the expected value of a dense monolayer for 2•3PF6.

The pyrene tripod reaches saturation at Γs = 74 pmol cm-2, corresponding to a footprint of 2.3
nm2 (Figure 3.1A). Decreasing the anchor size by one aromatic ring to phenanthrene results in
a substantially higher saturation coverage for 1b•2PF6 of Γs = 106 ± 6 pmol cm-2,
corresponding to a molecular footprint of 1.6 nm2. The naphthalene anchored tripod 1c•2PF6
follows the same trend with Γs = 114 ± 3 pmol cm-2, corresponding to a molecular footprint of
1.5 nm2. The pyrene monopod 2•3PF6 reaches lower coverage than either 1b•2PF6 or 1c•2PF6
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(Γs = 90.7 ± 0.6 pmol cm-2), corresponding to a molecular footprint of 1.7 nm2. The saturation
coverages of the three tripod complexes scale linearly with the combined Connolly surface
areas of their three feet, while the monolayers of 2•3PF6 show lower than expected coverage
based on the size of a single pyrene moiety (≈ 0.7 nm2). This observation is consistent with
our hypothesis that tripods adopt upright configurations, whereas molecules bearing a single
pyrene are likely to lie flat to maximize their Van der Waals contact to the surface. This
conclusion is further supported by our previous comparison of electron transfer rate constants
between SLG and 1a•2PF6 and 2•3PF6, respectively.17 Although the pyrene monopod
achieves moderately higher coverage than the pyrene tripod, its coverage is lower than the
tripods anchored by smaller PAHs, which show saturation coverages consistent with dense
monolayers (Figure 3.1B). These findings demonstrate that the multivalent tripod design is
more effective than monovalent binding groups for organizing dense functionality on the SLG
surface.

Figure 3.2. (A) Plot of fractional coverage vs time at for monolayers of 1a-c·2PF6 and 2•3PF6 after
transfer to blank electrolyte. (B) Expanded view of the first 25 miuntes of desorption.
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The stability of the monolayers of each complex shows a strong dependence on the
nature of their binding groups. Differences in desorption rates were assessed by
functionalizing SLG working electrodes with a monolayer of each complex, which was
removed from the adsorbate solution and rinsed with fresh solvent to remove weakly bound
molecules. Upon refilling the electrochemical cell with blank electrolyte solution, molecular
desorption was quantified by performing periodic CVs for up to twelve hours (Figure 3.2).

Figure 3.3. Plot of desorption rate ratio vs total anchor area for 1a-c·2PF6 and 2•3PF6, showing linear
free energy relationship consistent with Van der Waals adsorption.

Figure 3.2A and 3.2B show the resulting desorption curves for 1a-c·2PF6 and the
monopodal model compound 2·3PF6 over the full time range and the first 25 min,
respectively. The pyrene tripod 1a•2PF6 is exceptionally stable, as it retains 86% of its initial
coverage after 12 h, corresponding with desorption rate constant k = 3.5 x 10-6 s-1. The
phenanthrene tripod 1b•2PF6 desorbs approximately twice as fast (k = 7.0 x 10-6 s-1), the
naphthalene tripod 1c•2PF6 desorbs approximately 200 times more rapidly (k = 6.2 x10-4 s-1),
and the monovalent compound 2•3PF6 desorbs 1000 times faster (k = 1.4 x 10-3 s-1). The
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differences in desorption rates exhibit a linear free energy relationship with the surface area of
the binding group (Figure 3.3), suggesting that the stability of future PAH-based binding
motifs can be predicted from their Van der Waals surface areas. In this way, the tripod design
offers a means to achieve high surface-area contacts needed for stable monolayers without the
resorting to giant PAHs, which generally show poor solubility and can be difficult to prepare.
Finally, it should be noted that these desorption rates correspond to infinite dilution conditions
in good solvents for the binding groups. We anticipate that desorption will be slower in poor
solvents for the tripod, possibly mitigating the trade-off between monolayer density and
stability for tripods with smaller feet.

Figure 3.4. Plot of fractional coverage vs time at for monolayers of 7a (blue) and 7b (red) after
transfer to blank electrolyte (0.1M Bu4NClO4 in THF).

We also evaluated the effect of shortening the methylene chains linking the feet to the
tetrahedral core on the monolayer coverage and stability to desorption. Ferrocene pyrene
tripods 7a and 7b both showed saturation coverages of ca. 66 pmol cm-2, almost identical to
those of Co(tpy)2 pyrene tripod 1a•2PF6. These coverages indicate that the anchor size, not
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the identity of the pendant redox couple, largely determines the molecular footprint and that
the single methylene spacer does not affect monolayer density significantly. 7a and 7b desorb
from SLG with rate constants of 1.1 x 10-4 s-1 and 2.5 x 10-4 s-1, respectively (Figure 3.4).
Again, these similar values reflect a tolerance of the shorter linker, and we conclude that the
choice of linker length between 1-4 methylenes (and perhaps longer) may be guided by
synthetic convenience. It should be noted that both ferrocene tripods desorb more rapidly than
1a•2PF6, which we attribute to the higher solubility (and therefore, more favorable solventsolute interactions) of the ferrocene complexes. These results indicate that monolayer stability
is not completely independent of the head group, such that larger feet might need to be
employed to enhance monolayer stability as demanded by specific application constraints.
3.4

Conclusions
We have shown that tripodal motifs bearing various aromatic anchors form kinetically

and chemically stable monolayers from micromolar concentration solutions in organic
solvents. The tripodal motif anchors functionality on graphene more efficiently than similar
monopodal anchors by forming densely packed monolayers that resist desorption effectively.
By preparing and analyzing a series of tripods with different anchor sizes, we demonstrated a
linear free energy relationship between anchor area and desorption rate, as well as a linear
dependence of packing density with anchor size. In this way, the tripodal design provides a
means to access high surface-area contacts needed for stable monolayers. Furthermore,
modulation of the core-anchor linker and the redox active moiety, indicated that the binding
characteristics are governed primarily, but not exclusively, by the total area of the anchors.
Together these results provide a framework for designing and benchmarking new graphene
binding motifs. Ongoing work will focus on utilizing tripodal compounds in SLG based
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devices and exploring further modification of the tripod structures to enhance their binding
characteristics. These binding groups will provide the foundation for the developing SLG as a
useful analytical platform.
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A. Materials. Unless otherwise noted, reagents were purchased from commercial suppliers
and used without further purification. 4'-(4-bromophenyl)-2,2':6',2''-terpyridine 4, 4,4',4''(prop-2-yne-1,1,1-triyl)tris(methoxybenzene) 3, terpyridyl triol 5, monopodal compound 2,
and 1a·2PF6 were prepared using a literature procedure.21 EtOAc, hexanes, and EtOH
(absolute) were purchased from commercial sources and used without further purification.
THF, CH2Cl2, DMF, and PhMe were purchased from commercial sources and purified using a
custom-built activated alumina-based solvent purification system. Graphene electrodes were
fabricated by transferring graphene derived from a chemical vapor deposition (CVD)
procedure onto SiO2/Si wafers.8e Contacts were formed to the graphene electrodes by pressing
stranded hook-up wire (26G Alpha Wire, part # A1853W-100-ND) into a small amount of
indium metal which had been pressed onto the graphene surface. Pt wire (20 Gauge - 99.9 %
pure) was cleaned in a propane flame before each use. Glassware for electrochemistry was
cleaned in a Nochromix™ / H2SO4 bath for 12 h, washed with H2O (HPLC grade), dried in an
oven at 150 oC for 3 h, and finally cooled in a dessicated chamber under dynamic vacuum.
Instrumentation. Infrared spectra of solid samples were recorded using a Thermo Nicolet
iS10 FT-IR spectrometer with a diamond ATR attachment and are uncorrected.
Mass spectra were obtained on a Waters MALDI micro MX MALDI-TOF mass
spectrometer using positive ionization in reflectron mode. A saturated solution of dithranol in
CH2Cl2 was used as the matrix.
NMR spectra were recorded on a Varian INOVA 400 MHz spectrometer using a 1H/X ZPFG probe, a Bruker ARX 300 MHz spectrometer using a BBO probe, a Varian INOVA
500MHz spectrometer using a standard 1H{13C, 15N} Z-PFG probe, or a Varian INOVA 600
MHz spectrometer using a standard 1H{13C, 15N} XYZ-PFG probe with a 20 Hz sample spin
rate.
Electrochemistry experiments were performed on a Princeton Applied Research
VersaSTAT 3 potentiostat using a standard three electrode configuration with graphene as the
working-sense electrode, a Pt wire as the counter, and a Pt wire pseudoreference. The
analyses were performed in a custom made Teflon cell (Figure A2.1) that allowed exposure of
a controlled area of the graphene electrode (Figure A2.2) (total area ca. 2 cm2, exposed area
ca. 0.07 cm2).
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B. Synthetic Procedures.
Scheme A2.1. Overall synthesis of the terpyridyl-functionalized graphene binding motif S7-8.

Scheme A2.2. Synthesis of phenanthrene butynol S1.

Preparation of phenanthrene butynol S1.
A 250 mL flame dried round bottom flask with stir bar was charged with 9bromophenanthrene (2.0 g, 7.778 mmol), Pd(PPh3)2Cl2 (0.546 mg, 0.778 mmol), CuI (299
mg, 1.556 mmol). The flask was then sealed with a rubber septum and subjected to three
cycles of atmosphere replacement with dry nitrogen. To the solids 48 mL of dry THF, 20 mL
of freshly distilled i-Pr2NH, and 1.8 mL of 3-butyne-1-ol (1.64 g, 23.33 mmol), all of which
were degassed by bubbling with dry nitrogen for 30 min. The mixture was then heated to
40oC for three hours at which time TLC showed complete reaction (SiO2, 20% EtOAc and
80% hexanes as eluent, Rf= 0.2). Reaction was filtered through celite, diluted with EtOAc
(100 mL) and washed with H2O ( 2 x 50 mL), dried (MgSO4), and the solvent removed under
vacuum to give a brown oil. The oil was purified by column chromatography (SiO2, 20%
EtOAc / 80% hexanes) to provide S1 (1.862 g, 97% yield) as a white solid. 1H NMR (400
MHz, CDCl3) δ 8.72 – 8.66 (m, 4-phenanthrene, 1H), 8.65 (d, 7-phenanthrene, J = 8.1 Hz,
1H), 8.48 – 8.38 (m, 5-phenanthrene, 1H), 7.97 (s, 10-phenanthrene, 1H), 7.84 (d, 8phenanthrene, J = 8.1 Hz, 1H), 7.54 – 7.33(m, 2,3,6,7-naphthalene, 4H), 3.95 (t, 3-butynyl, J
= 6.3 Hz, 2H), 2.89 (t, 4-butynyl, J = 6.3 Hz, 2H. 13C NMR (75 MHz, CDCl3) δ 132.14,
131.70, 131.61, 130.51, 130.47, 128.81, 127.71, 127.41, 127.32, 127.26, 123.17, 122.99,
120.10, 91.46, 81.04, 61.76, 24.59. IR (ATR) 3353, 3054, 2938, 1592, 1491, 1450, 1421,
1380, 1332, 1245, 1226, 1163, 1150, 1122, 1093, 1040, 1001, 970, 951, 923 cm-1. EI-MS m/z
Calcd. m/z 246.10411 [M]+. Found m/z 246.10447 [M]+.
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Scheme A2.3. Synthesis of phenanthrene butanol S2.

Preparation of phenanthrene butanol S2.
A 250 mL round bottom flask with stir bar and three-way airfree adapter was charged with S1
(1.69 g, 6.86 mmol) and 0.735 g of 5% Pd on carbon. The flask was cooled on dry ice and
MeOH (70 mL) was added. The mixture was then frozen with liquid N2, the flask evacuated
and backfilled with H2 and the mixture allowed to thaw. The reaction was stirred vigorously
for 12 hrs, filtered through celite and concentrated under vacuum to provide S2 (1.53 g, 89%
yield) as a white solid. S2:1H NMR (300 MHz, CDCl3) δ 8.80 – 8.70 (m, 4-phenanthrene,
1H), 8.70 – 8.61 (m, 5-phenanthrene, 1H), 8.17 – 8.05 (m, 1-phenanthrene, 1H), 7.86 – 7.79
(m, 8-phenanthrene, 1H), 7.71 – 7.62 (m, 7,6-phenanthrene, 2H), 7.62 – 7.55 (m, 2,3,10phenanthrene, 3H), 3.72 (t, J = 6.4 Hz, 1-butyl, 2H), 3.16 (t, J = 7.7 Hz 4-butyl, 2H), 1.99 –
1.83 (m, 2-butyl, 2H), 1.83 – 1.67 (m, 3-butyl, 2H). 13C NMR (75 MHz, CDCl3) δ 136.78,
132.27, 131.61, 131.13, 130.05, 128.44, 127.02, 126.93, 126.54, 126.36, 124.79, 123.65,
122.84, 63.26, 33.55, 33.20, 26.71. IR (ATR) 3352, 3074, 2934, 2867, 1739, 1602, 1495,
1448, 1428, 1365, 1275, 1265, 1261, 1230, 1217, 1058, 1007, 981 cm-1. MALDI-TOF-MS
m/z Calcd. m/z 250.1358 [M] +. Found m/z 250.1304 [M]+.
Scheme A2.4. Synthesis of phenanthrene butanol tosylate S3.

Preparation of phenanthrene butanol tosylate S6.
A 500 mL flame dried round bottom flask with stir bar was charged with S2 (1.50 g, 6.0
mmol), of anhydrous CH2Cl2 (300 mL), and freshly distilled Et3N (60 mL). The solution was
cooled to -10 oC using a CO2 (s)/ethylene glycol bath, and p-toluenesulfonyl chloride (2.30 g,
12.1 mmol) was added drop-wise as a solution in anhydrous CH2Cl2 (10 mL). The mixture
was stirred for 16 hrs under N2 atmosphere, at which time TLC showed complete reaction
(SiO2, 30% EtOAc and 80% hexanes, Rf= 0.25). The reaction mixture was poured into H2O
(50 mL), the organic layer removed and washed with H2O (3 x 50 mL). The organic layer was
then dried (MgSO4) and the solvent removed under vacuum. Purification was accomplished
by column chromatography (SiO2, 30% EtOAc/80% hexanes) to provide S3 (2.04 g, 84%
yield) as an off white solid. S3: 1H NMR (300 MHz, CDCl3) δ 8.77 – 8.70 (m, 5-
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phenanthrene, 1H), 8.70 – 8.61 (m, 4-phenanthrene, 1H), 8.10 – 7.96 (m, 1-phenanthrene,
1H), 7.82 (m, 8-phenanthrene, 1H), 7.78 (d, J = 7.8 Hz, 2-tosyl aryl, 2H), 7.73 – 7.54 (m,
2,3,6,7-phenanthrene, 4H), 7.51 (s, 10-phenanthrene, 1H), 7.27 (d, J = 7.8 Hz, 3-tosyl aryl,
2H), 4.10 (t, J = 5.7 Hz, 1-butyl, 2H), 3.06 (t, J = 6.9 Hz, 4-butyl, 2H), 2.37 (s, tosyl methyl,
3H), 1.89 – 1.72 (m, 2,3-butyl,4H). 13C NMR (75 MHz, CDCl3) δ 145.15, 136.07, 133.48,
132.17, 131.44, 131.13, 130.25, 130.09, 128.48, 128.28, 127.10, 127.02, 126.66, 126.62,
126.52, 124.67, 123.70, 122.87, 70.82, 32.99, 29.21, 26.22, 22.00. IR (ATR) 3065, 2936,
2868, 1597, 1495, 1449, 1355, 1305, 1291, 1246, 1209, 1188, 1174, 1097, 1039, 1019, 934
cm-1. EI-MS m/z Calcd. m/z 404.14462 [M] +. Found m/z 404.14432 [M] +.
Scheme A2.5. Synthesis of naphthalene butynol S4.

Preparation of naphthalene butynol S4.
A 250 mL flame dried round bottom flask with stir bar was charged with 2-bromonaphthalene
(2.0 g, 9.659 mmol), Pd(PPh3)2Cl2 (678 mg, 0.966 mmol), CuI (368 mg, 1.932 mmol). The
flask was then sealed with a rubber septum and placed under a N2 atmosphere through three
evacuation backfilling cycles. Anhydrous THF (48 mL), freshly distilled i-Pr2NH (20 mL)
and 3-butyne-1-ol (2.19 mL, 2.03 g, 28.98 mmol) were added to the reaction vessel. The
resulting mixture was degassed by bubbling with N2 for 30 min. The mixture was then heated
to 40 oC for three hours at which time TLC showed complete reaction (SiO2, 20% EtOAc and
80% hexanes, Rf=0.2). The reaction mixture was filtered through celite, diluted with EtOAc
(100 mL) and washed with H2O (2 x 50 mL), dried (MgSO4), and the solvent removed under
vacuum to give a brown oil. The oil was purified by column chromatography (SiO2, 20%
EtOAc / 80% hexanes) to provide S4 (1.75 g, 92% yield) as a white solid. S4: 1H NMR (400
MHz, CDCl3) δ 7.94 (s, 1-naphthalene, 1H), 7.85 – 7.69 (m, 4,5,8-naphthalene, 3H), 7.60 –
7.37 (m, 3,6,7-naphthalene, 3H), 3.86 (t, J = 6.3 Hz, 4-butynyl, 2H), 2.75 (t, J = 6.3 Hz, 2butynyl, 2H). 13C NMR (100 MHz, CDCl3) δ 133.45, 133.11, 131.92, 131.85, 131.78, 129.12,
129.05, 128.55, 128.50, 128.45, 128.38, 128.18, 128.09, 128.02, 127.97, 127.07, 126.94,
126.87, 126.82, 126.72, 126.62, 126.41, 121.09, 87.15, 83.32, 61.68, 24.42. IR (ATR) 3285,
3057, 2941, 2880, 1723, 1685, 1626, 1593, 1569, 1558, 1499, 1467, 1430, 1380, 1342, 1290,
1271, 1220, 1184, 1126, 1043, 1019, 963, 950 cm-1.EI-MS m/z Calcd. m/z 196.08882 [M]+.
Found m/z 196.08887 [M]+.
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Scheme A2.6. Synthesis of naphthalene butanol S5.

Preparation of naphthalene butanol S5.
A 250 mL round bottom flask with stir bar and three-way airfree adapter was charged with S4
(1.70 g, 8.67 mmol) and 0.946 g of 5% Pd on carbon. The flask was cooled on dry ice and
MeOH (90 mL) was added. The mixture was then frozen with liquid N2, the flask evacuated
and backfilled with H2 and the mixture allowed to thaw. The reaction was stirred vigorously
for 12 hrs, filtered through celite and concentrated under vacuum to provide S5 (1.69 g, 97%
yield) as a white solid. S5: 1H NMR (400 MHz,CDCl3) δ 7.81 (d, J = 8.4 Hz, 4-naphthalene,
1H), 7.63 (s, 1-naphthalene, 1H), 7.44 (pd, J = 6.9, 1.5 Hz, 5,8-naphthalene, 2H), 7.34 (dd, J
= 8.4, 1.7 Hz, 3-naphthalene, 1H), 3.68 (t, J = 6.2 Hz, 1-butyl, 2H), 2.82 (t, J = 7.6 Hz, 4butyl, 2H), 1.80 (m, 2-butyl, 2H), 1.65 (m, 3-butyl, 2H). 13C NMR (100 MHz, CDCl3) δ
139.89, 133.66, 132.02, 127.87, 127.64, 127.44, 127.37, 126.41, 125.92, 125.14, 62.67, 35.80,
32.30, 27.43. IR (ATR) 3570, 3331, 3051, 2934, 2858, 1632, 1600, 1507, 1485, 1365, 1270,
1209, 1144, 1124, 1062, 1030, 982, 959, 945, 888, 854, 817, 746, 709, 692, 686, 676, 669,
663, 653 cm-1. EI-MS m/z Calcd. m/z 200.12012 [M]+. Found m/z 200.12031 [M]+.
Scheme A2.7. Synthesis of naphthalene butanol tosylate S6.

Preparation of naphthalene butanol tosylate S6.
A 500 mL flame dried round bottom flask with stir bar was charged with S5 (1.5 g, 7.49
mmol), anhydrous CH2Cl2 (375 mL), and freshly distilled Et3N (40mL). The solution was
cooled to -10oC using a CO2 (s)/ethylene glycol bath, and p-toluenesulfonyl chloride (5.71 g,
29.96 mmol) was added drop-wise as a solution in anhydrous CH2Cl2 (10 mL). The mixture
was stirred for 16 hrs under a N2 atmosphere, at which time TLC showed complete reaction
(SiO2, 30% EtOAc and 80% hexanes, Rf= 0.25). The reaction mixture was poured into H2O
(50 mL), the organic layer removed and washed with H2O (3 x 50 mL). The organic layer was
then dried (MgSO4) and the solvent removed under vacuum. Purification was accomplished
by column chromatography (SiO2, 30% EtOAc/80% hexanes) to provide S6 (2.07 g, 78%
yield) as an off white solid. S6: 1H NMR (300 MHz, CDCl3) δ 7.87 – 7.68 (m, 4,5,8naphthalene, 3H), 7.76 (d, J = 8.5 Hz, 2-tosyl aryl, 2H) 7.56 (s, 1-naphthalene, 1H), 7.50 –
7.39 (m, 6,7-naphthalene, 2H), 7.30 (d, J = 8.5 Hz, 3-tosyl aryl, 1H), 7.28 – 7.20 (m, 3naphthalene, 1H), 4.06 (t, J = 5.9 Hz, 1-butyl, 2H), 2.74 (t, J = 7.0 Hz, 4-butyl, 2H), 2.42 (s,
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tosyl methyl, 3H), 1.85 – 1.57 (m, 2,3-butyl, 2H). 13C NMR (75 MHz, CDCl3) δ 145.22,
139.58, 134.05, 133.53, 132.50, 130.33, 128.42, 128.29, 128.10, 127.90, 127.64, 126.90,
126.45, 125.70, 70.96, 35.64, 28.78, 27.39, 22.04. IR (ATR) 3051, 2940, 2859, 1598, 1507,
1494, 1457, 1356, 1306, 1291, 1188, 1175, 1097, 1040, 1019, 934 cm-1. EI-MS m/z Calcd.
m/z 354.12897 [M]+. Found m/z 354.12917 [M]+.
Scheme A2.8. Synthesis of phenanthrene tripod ligand S7.

Preparation of phenanthrene tripod ligand S7.
A flame dried 25 mL round bottom flask with a stir bar was charged with 5 (100 mg, 160
mmol) and placed under a N2 atmosphere. Anhydrous DMF (14 mL) was added to the
reaction flask followed by excess NaH (60% suspension in mineral oil), changing the reaction
mixture from yellow to green. After 20 min, a solution of tosylate S3 in anhydrous DMF (0.3
M, 0.227 g, 0.562 mmol) was added. The reaction was determined to be complete after 2 h by
TLC (NH2-SiO2 , PhMe product Rf = 0.33). The reaction was quenched with water (20 mL),
filtered through celite and the celite washed with CH2Cl2. The resulting biphasic mixture was
transferred to a separatory funnel and the CH2Cl2 layer removed and washed with H2O (3 x 10
mL), dried (MgSO4), and the solvent removed under vacuum. Purification was accomplished
by column chromatography (NH2-SiO2, gradient elution 50% hexanes / 50% PhMe to 100%
PhMe), to provide S8 (106 mg, 52% yield) as a white powder. S8: 1H NMR (600MHz,CDCl3)
δ 8.81 (s, 3′,5′-pyridyl, 2H), 8.77 (m, 6,6′-pyridyl, 2 H), 8.73 (dd, J = 7.8, 1.4 Hz, 5phenanthrene, 3H), 8.65 (d, J = 8.1 Hz, 4-phenanthrene, 3H), 8.11 (dd, J = 8.0, 1.5 Hz, 8phenanthrene, 3H), 7.96 (m, 3,3″-pyridyl, 2H), 7.93 (d, J = 7.9 Hz, 2-aryl, 2H), 7.82 (dd, J =
7.7, 1.6 Hz, 1-phenanthrene, 3H), 7.67 – 7.57 (m, 2,3,6,8,10-phenanthrene, 3-aryl, 17H), 7.55
(dd, J = 7.0, 1.5 Hz, 4,4″-pyridyl, 2H), 7.41 (dd, J = 7.0, 1.5 Hz, 5,5″-pyridyl, 2H), 7.24 (d, J
= 8.9 Hz, trityl 2-aryl, 6H), 6.86 (d, J = 8.9 Hz, trityl 3-aryl, 6H), 4.04 (t, J = 6.1 Hz, 1-butyl,
6H), 3.19 (t, J = 7.5 Hz, 4-butyl 6H), 2.02 (m, 2-butyl, 6H), 1.97 (m, 3-butyl, 6H). 13C NMR
(125 MHz, CDCl3) δ 138.04, 136.44, 132.36, 132.01, 131.36, 130.87, 130.26, 129.81, 128.19,
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127.31, 126.74, 126.67, 126.29, 126.27, 126.08, 124.54, 124.21, 123.37, 122.57, 121.88,
119.21, 114.02, 98.16, 84.35, 67.86, 54.35, 33.19, 29.47, 26.76.IR (ATR) 3061, 2952, 2855,
1723, 1606, 1584, 1567, 1558, 1538, 1505, 1467, 1444, 1432, 1414, 1389, 1365, 1298, 1246,
1176, 1115, 1095, 1069, 1041, 119, 1013, 990, 975, 957, 904 cm-1. MALDI-TOF-MS m/z
Calcd. m/z 1319.5965 [M]+. Found m/z 1319.5945 [M]+.
Scheme A2.9 Synthesis of naphthalene tripod ligand S7.
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Preparation of naphthalene anchored tripod ligand S8.
To a flame dried 25 mL round bottom flask with a stir bar, added X (100 mg, 160 mmol). The
powder was dried by cycling vacuum and dry nitrogen three times. Dry DMF (14 mL) was
then added to the mixture under nitrogen via syringe, and the mixture was stirred while excess
NaH was added as a powder. The suspension was stirred at room temperature for 20 min, at
which time the tosylate X (0.228 g, 0.642 mmol) was added all at once as a solution in dry
DMF (2 mL The reaction was determined to be complete after 2 h by TLC (NH2-SiO2 , PhMe
product Rf = 0.33). The reaction was quenched with H2O (20 mL), filtered through celite and
the celite washed with CH2Cl2 (20mL). The resulting biphasic mixture was transferred to a
separatory funnel and the CH2Cl2 layer removed and washed with H2O (3 x 10 mL), dried
(MgSO4), and the solvent removed under vacuum. Purification was accomplished by column
chromatography (NH2-SiO2, gradient elution 50% hexanes / 50% PhMe to 100% PhMe), to
provide S8 (94 mg, 51% yield) as a white powder. S8: 1H NMR (400 MHz, CDCl3) δ 8.80 (s,
3′,5′-pyridyl, 2H), 8.78 (d, J = 4.1 Hz, 6,6″-pyridyl, 2H), 8.72 (d, J = 7.9 Hz, 2-aryl, 2H), 7.95
– 7.88 (m, 3,3″-pyridyl, 4H), 7.87–7.83 (m, 4,5,8-naphthalene, 9H), 7.68 (d, J = 7.9 Hz, 3aryl, 2H), 7.68 (s, 1-naphthalene, 3H), 7.53 – 7.42 (m, 6,7-naphthalene, 6H), 7.42 – 7.36 (m,
5-pyridyl and 3-naphthalene, 5H), 7.31 (d, J = 8.8 Hz, trityl 2-aryl, 6H), 6.90 (d, J = 8.8 Hz,
trityl 3-aryl 6H), 4.02 (t, J = 5.8 Hz, 1-butyl, 6H), 2.89 (t, J = 7.0 Hz, 4-butyl, 6H), 2.00 – 1.84
(m, 2,3-butyl, 12H). 13C NMR (100 MHz, CDCl3) δ 152.66, 150.79, 150.66, 143.82, 134.54,
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132.70, 131.92, 128.43, 127.02, 126.81, 124.95, 123.89, 123.08, 122.71, 122.44, 122.26,
122.17, 121.96, 121.27, 120.73, 120.70, 119.95, 119.47, 118.79, 116.31, 113.55, 108.67,
98.39, 92.78, 79.02, 62.55, 49.03, 30.56, 23.75, 22.60. IR (ATR) 3050, 2938, 2861, 1064,
1583, 1566, 1538, 1505, 1467, 1442, 1411, 1388, 1294, 1244, 1175, 1116, 1060, 1040, 1013,
989, 962 cm-1. ESI-TOF-MS m/z Calcd. m/z 1170.5574 [M]+. Found m/z 1170.5593 [M]+.
Scheme A2.10. Synthesis of phenanthrene anchored tripod complex 1b·2PF6.
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Preparation of phenanthrene anchored tripod complex 1b·2PF6
To a 20 mL scintillation vial with a stir bar added X (31 mg, 0.076 mmol) in methanol (3.6
mL). The mixture was stirred to give a suspension to which X (50 mg, 0.038 mmol) was
added slowly as a solution in THF (1.8 mL). The mixture became soluble and gradually
changed a deep red. After 15min of stirring, saturated aqueous NH4PF6 was added to
precipitate the product which was collected by filtration, and washed with water to give 28
mg of an orange powder in 71% yield. Oxidation with excess AgPF6 in anhydrous THF
followed by filtration and removal of the solvent under vacuum afforded the diamagnetic
complex as a yellow solid in quantitative yield. 1b·3PF6: 1H NMR (600 MHz,( CD3)2CO) δ
9.79 (s, 3′,5′-pyridyl large, 2H), 9.42 (dd, J = 8.1, 2.3 Hz, 3′,5′-pyridyl small, 2H), 9.31 (t, J =
8.1 Hz, 4′- pyridyl small, 1H), 9.16 (d, J = 8.0 Hz, 3,3″-pyridyl large, 2H), 8.98 (d, J = 8.0 Hz,
3,3″-pyridyl small, 2H), 8.85 (d, J = 8.0 Hz, 5-phenanthrene, 3H), 8.77 (d, J = 8.0 Hz, 4phenanthrene, 3H), 8.46 (d, J = 7.9, 2-aryl, 2H), 8.44 – 8.36 (m, 4,4″-pyridyl large and
small, 4H), 8.23 (d, J = 7.8 Hz, 8-phenanthrene, 3H), 7.98 (t, J = 6.1 Hz, 6,6″-pyridyl large,
2H), 7.94 (d, J = 7.8 Hz, 3-aryl, 2H), 7.91 (d, J = 7.9 Hz, 1-phenanthrene, 3H), 7.84 (t, J =
6.2 Hz, 6,6″-pyridyl small, 2H), 7.74 (s, 10-phenanthrene, 3H), 7.71 – 7.56 (m, 5,5″-pyridyl
small and large and 2,3,6,7-phenanthrene, 17H), 7.25 (d, J = 8.9 Hz, trityl 2-aryl, 6H), 6.96
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(d, J = 8.9 Hz, trityl 3-aryl, 6H), 4.15 (t, J = 6.1 Hz, 1-butyl, 6H), 3.26 (t, J = 7.8, 4-butyl,
6H), 2.04 – 1.96 (m, 2,3-butyl, 12H). 13C NMR (126 MHz, acetone) δ 158.17, 156.84, 156.69,
156.67, 152.65, 143.27, 143.15, 137.43, 136.58, 132.65, 132.01, 131.20, 131.07, 131.02,
130.75, 129.98, 129.67, 128.69, 128.03, 127.38, 126.68, 126.66, 126.30, 126.07, 126.05,
125.17, 124.51, 123.28, 122.48, 113.97, 100.23, 83.86, 67.53, 54.31, 32.64, 26.65. IR (ATR)
3628, 3437, 3092, 2942, 2867, 1606, 1505, 1484, 1453, 1406, 1257, 1247, 1176, 1131, 1026,
825 cm-1. ESI-TOF-MS m/z Calcd. m/z 1611.499 [M]+. Found m/z 1611.623 [M]+.
Scheme A2.11. Synthesis of naphthalene anchored tripod complex 1c·3PF6.
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Preparation of naphthalene anchored tripod complex 1c·3PF6.
To a 20 mL scintillation vial with a stir bar added X (35 mg, 0.085 mmol) in methanol (3.6
mL). The mixture was stirred to give a suspension to which X (50 mg, 0.043 mmol) was
added slowly as a solution in THF (1.8 mL). The mixture became soluble and gradually
changed a deep red. After 15min of stirring, saturated aqueous NH4PF6 was added to
precipitate the product which was collected by filtration, and washed with water to give 53
mg of an orange powder in 73% yield. Oxidation with excess AgPF6 in anhydrous THF
followed by filtration and removal of the solvent under vacuum afforded the diamagnetic
complex as a yellow solid in quantitative yield. 1c·3PF6:1H NMR (600 MHz, (CD3)2CO) δ
9.78 (s, 3′,5′-pyridyl large, 2H), 9.42 (dd, J = 8.0, 3.8 Hz, 3′,5′-pyridyl small, 2H), 9.28 (t, J
= 8.0 Hz, 4′-pyridyl small, 1H) 9.19 (d, J = 8.0 Hz, 3,3″-pyridyl large, 2H), 8.99 (d, J = 8.1
Hz, 3,3″-pyridyl small, 2H), 8.54 (d, J = 8.0Hz, 2-aryl, 2H), 8.39 (t, J = 7.7 Hz, 4,4″-pyridyl
large and small, 4H), 8.00 (t, J = 6.6 Hz, 6,6″-pyridyl large, 2H), 7.92 (d, J = 8.0 Hz, 3-aryl,
2H), 7.89 –7.78 (m, 4,5,8-naphthalene and 6,6″-pyridyl small, 11H), 7.74 (s, 1-naphthalene,
3H), 7.59 (m, 5,5″-pyridyl small and large, 4H), 7.50 – 7.39 (m, 3,6,7-naphthalene, 9H), 7.25
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(d, J = 8.5 Hz, trityl 2-aryl, 6H), 6.94 (d, J = 8.6 Hz, trityl 3-aryl,6H), 4.09 (t, J = 6.3 Hz, 1butyl, 6H), 2.90 (t, J = 7.5 Hz, 4-buty, 6H), 1.97 – 1.91 (m, 2-butyl, 6H), 1.88 (m, 3-butyl,
6H). 13C NMR (125 MHz, (CD3)2CO) δ 159.03, 157.72, 157.68, 157.56, 157.51, 157.49,
157.47, 157.44, 153.54, 146.81, 144.08, 143.96, 140.86, 138.32, 134.69, 133.45, 133.05,
131.92, 131.86, 130.83, 129.72, 129.04, 129.00, 128.65, 128.36, 128.35, 128.31, 128.21,
128.19, 127.21, 127.19, 126.68, 126.13, 125.91, 125.74, 123.19, 120.64, 118.09, 114.80,
69.37, 68.46, 55.16, 54.48, 36.21, 28.55. IR (ATR) 3491, 3054, 2941, 2863, 2230, 1696,
1603, 1505, 1483, 1434, 1405, 1371, 1245, 1175, 1117, 1049, 1029, 825 cm-1. ESI-TOF-MS
m/z Calcd. m/z 1461.5780 [M]+. Found m/z 1461.5723[M]+.
Scheme A2.12. Overall Synthesis of Ferrocene functionalized tripods 7a,b.
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Scheme A2.13. Synthesis of bromophenyl(tris-4-methoxyphenyl)propyne S9.
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Preparation of bromophenyl(tris-4-methoxyphenyl)propyne S9
A flame dried 25 mL airfree storage tube with 8 mm hi-vac joint was charged with 3(510 mg,
1.4 mmol), of iodo-4-bromobenzene (670 mg, 2.4 mmol), CuI ( 24 mg, 0.13 mmol) and
Pd(PPh3)2Cl2 (47 mg, 0.067 mmol). The solids were placed under an N2 atmosphere by three
cycles of evacuation and backfilling with N2. Anhydrous THF (10 mL) and Et3N (5mL) were
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degassed by three freeze, pump, thaw cycles and transferred to the reaction vessel using a
disposable polypropylene syringe. The reaction mixture was degassed by one freeze, pump,
thaw cycle and allowed to warm to room temperature. The mixture was stirred at room
temperature for 16 hours at which time the reaction was found to be complete by TLC (SiO2,
20% EtOAc, 80% hexanes, Rf =0.34). The reaction mixture was filtered through celite and the
filter washed with CHCl3 (3 x 10 mL) and the filtrate reduced under vacuum to give a dark
brown oil, The oil was adsorbed onto SiO2 and purified using column chromatography (SiO2,
20% EtOAc, 80% hexanes) to yield S9 (0.61 g, 83% yield) as a brown solid. S9: 1H NMR
(300 MHz, CDCl3) δ 7.45 (d, J = 8.5 Hz, 2-aryl, 2H), 7.34 (d, J = 8.5 Hz, 3-aryl, 2H), 7.20 (d,
J = 8.8 Hz, trityl 2-aryl, 6H), 6.84 (d, J = 8.8 Hz, trityl 3-aryl, 6H), 3.80 (s, OMe, 9H). 13C
NMR (75 MHz, CDCl3) δ 158.70, 138.21, 131.84, 130.44, 123.05, 122.44, 113.69, 97.82,
83.86, 55.67, 54.47. IR (ATR) 3000, 2928, 2834, 1962, 1606, 1582, 1506, 1485, 1462, 1441,
1414, 1392, 1298, 1248, 1175, 1115, 1070, 1035, 1010, 825 cm-1. EI-MS Calcd. m/z
512.09871 [M]+. Found m/z 512.09909 [M]+
Scheme A2.14. Synthesis of bromophenyl(tris-4-hydroxyphenyl)propyne 6.
Br

Br

BBr3
CH2Cl2
- 78 °C to -6 °C
O

O
O

57%

HO
OH
HO

6

S9

Preparation of bromophenyl(tris-4-hydroxyphenyl)propyne 7
A flame dried 500 mL round bottom flask was charged with S9 (1.6 g, 3.1 mmol) and
anhydrous CH2Cl2 (300 mL). The resulting solution was cooled to -78 oC using a CO2 (s)/iPrOH bath and a solution of BBr3 in CH2Cl2 (77 mL, 1M, 77 mmol) added slowly over 30
min and the resulting mixture was warmed to -6 oC. The reaction was determined to be
complete by TLC (SiO2, 50% EtOAc, 50% hexanes, Rf =0.4) after 18 hrs, at which time the
reaction was quenched by the addition of MeOH (5mL). The resulting mixture was adsorbed
onto SiO2 and purified by column chromatography (SiO2, gradient elution from 10% EtOAc,
90% hexanes to 50% EtOAc, 50% hexanes) to yield 6 (0.85 g, 57% yield) as a red solid. 6: 1H
NMR (300 MHz, (CD3)2SO) δ 9.32 (s, OH, 3H), 7.91 (d, J = 8.4 Hz, 2-aryl, 2H), 7.58 (d, J =
8.4 Hz, 3-aryl, 2H), 6.98 (d, J = 8.7 Hz, trityl 2-aryl,6H), 6.69 (d, J = 8.7 Hz, trityl 3aryl,6H). 13C NMR (75 MHz, (CD3)2SO) δ 166.92, 147.61, 147.58, 143.99, 142.47, 142.44,
142.42, 140.81, 140.78, 133.75, 132.39, 125.38, 108.90, 93.76, 64.80. IR (ATR) 3301, 1696,
1605, 1560, 1506, 1437, 1365, 1231, 1173, 1109, 1015, 860 cm-1. MALDI-TOF-MS m/z
Calcd. m/z 470.0518 [M]+. Found m/z 470.1023 [M]+.

96

Scheme A2.15. Synthesis of 4-bromophenyl butylpyrene tripod S10.
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Preparation of 4-bromophenyl butylpyrene tripod S10.
A flame dried 25 mL round bottom flask with a stir bar was charged with 6 (400 mg, 0.85
mmol) and 4-bromobutylpyrene (892 mg, 2.65 mmol), and the solids placed under a N2
atmosphere. NaH (99%, 300 mg, 13 mmol) was then added to the stirring mixture slowly as a
solid. anhydrous DMF (8 mL). The suspension was stirred at room temperature for 10 h, at
which time the reaction was determined to be complete by TLC (SiO2 , 80% Hexanes / 20%
EtOAc product Rf = 0.44). The reaction was quenched with H2O (20 mL), filtered through
celite and the celite washed with CH2Cl2 (20 mL). The resulting biphasic mixture was
transferred to a separatory funnel and the CH2Cl2 layer removed and the aqueous layer
extracted with fresh CH2Cl2 (3 x 20 mL). The combined organic layers were washed with
H2O (3 x 20 mL), dried (MgSO4), and the solvent removed under vacuum. Purification was
accomplished by column chromatography (SiO2, gradient elution hexanes to 50% hexanes /
50% EtOAc), to provide S10 (830 mg, 88% yield) as a dark yellow powder. S10:1H NMR
(300 MHz, CDCl3) δ 8.27 (d, J = 9.3 Hz, 10-pyrene, 3H), 8.18 – 7.93 (m, 3,4,5,6,7,8,9pyrene, 21H), 7.87 (d, J = 7.8 Hz, 2-pyrene, 3H), 7.42 (d, J = 8.5 Hz, 2-aryl, 2H), 7.34 (d, J =
8.5 Hz, 3-aryl, 2H), 7.20 (d, J = 8.9 Hz, trityl 2-aryl, 6H), 6.82 (d, J = 8.9 Hz, trityl 3-aryl,
6H). 13C NMR (75 MHz, CDCl3) δ 158.21, 138.14, 136.93, 133.46, 131.83, 131.82, 131.28,
130.45, 130.21, 129.02, 127.91, 127.65, 127.00, 126.20, 125.48, 125.41, 125.26, 125.19,
125.09, 123.78, 123.10, 122.40, 114.24, 97.95, 83.81, 68.08, 54.51, 33.55, 29.67, 28.68. IR
(ATR) 3038,2922, 2852, 1919,1726, 1639, 1603, 1586, 1505, 1485, 1465, 1434, 1415, 1376,
1295, 1244, 1175, 1110, 1069, 1041, 1010, 960, 841, 825, 780, 755, 736, 719, 708, 680 cm-1.
MALDI-TOF-MS m/z Calcd. m/z 1238.4274 [M]+. Found m/z 1238.4268 [M]+.
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Scheme A2.16. Synthesis of bromophenyl methylpyrene tripod S11.
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Preparation of 4-bromophenyl methylpyrene tripod S11.
A flame dried 5 mL round bottom flask with a stir bar was charged with 6 (50 mg, 0.11
mmol) and 4-bromomethylpyrene (103 mg, 0.038 mmol), and the solids placed under a N2
atmosphere. NaH (99%, 100 mg, 4.3 mmol) was then added to the stirring mixture slowly as a
solid. anhydrous DMF (1 mL). The suspension was stirred at room temperature for 10 h, at
which time the reaction was determined to be complete by TLC (SiO2 , 80% Hexanes / 20%
EtOAc product Rf = 0.44). The reaction was quenched with H2O (20 mL), filtered through
celite and the celite washed with CH2Cl2 (20mL). The resulting biphasic mixture was
transferred to a separatory funnel and the CH2Cl2 layer removed and washed with H2O (3 x 10
mL), dried (MgSO4), and the solvent removed under vacuum. Purification was accomplished
by column chromatography (SiO2, gradient elution hexanes to 50% hexanes / 50% EtOAc), to
provide S11 (105 mg, 79% yield) as a yellow powder. S11: 1H NMR (300 MHz, CDCl3) δ
8.32 (d, J = 9.2 Hz, 10-pyrene, 3H), 8.25 – 7.97 (m, 2,3,4,5,6,7,8,9-pyrene, 24H), 7.41 (d, J =
8.7 Hz, 2-aryl, 2H), 7.37 (d, J = 8.7 Hz, 3-aryl, 2H), 7.29 (d, J = 8.9 Hz, trityl 2-aryl, 6H),
7.06 (d, J = 8.9 Hz, trityl 3-aryl, 6H), 5.76 (s, OCH2, 6H). 13C NMR (75 MHz, CDCl3) δ
158.16, 138.60, 133.49, 133.48, 132.01, 131.86, 131.62, 131.14, 130.59, 130.14, 129.74,
128.50, 128.09, 127.78, 127.39, 126.45, 125.84, 125.80, 125.37, 125.09, 123.48, 114.78,
69.27. IR (ATR) 3350, 3041, 2922, 2849, 1918, 1718, 1604, 1582, 1502, 1485, 1458, 1416,
1392, 1379, 1293, 1263, 1234, 1173, 1138, 1116, 1063, 1009, 903, 841, 825, 781, 757, 735,
710, 702, 681cm-1. MALDI-TOF-MS m/z Calcd. m/z 1112.2865 [M]+. Found m/z 1112.2098
[M]+.
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Scheme A2.17. Synthesis of tripod 7a.
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Preparation of ferrocene tripod 7a.
A flame dried 5 mL round bottom flask fitted with an airfree adapter joint was charged with
S10 (52 mg, 0.042 mmol), ethynylferrocene (35 mg, 0.12 mmol), CuI (5 mg, 0.026 mmol)
and Pd(dppf)Cl2 (3 mg, 4 µmol). The solids were placed under an N2 atmosphere by three
cycles of evacuation and backfilling with N2. Anhydrous THF (0.4 mL) and Et3N (0.4 mL)
were degassed by three freeze, pump, thaw cycles and transferred to the reaction vessel using
a disposable polypropylene syringe. The reaction mixture was degassed by one freeze, pump,
thaw cycle and allowed to warm to room temperature. The mixture was then stirred at 60 oC
for 24 hours, at which time the reaction was complete by TLC (SiO2, 20% EtOAc, 80%
hexanes, Rf = 0.44, product spot is orange). The reaction mixture was filtered through celite
and the filter washed with CH2Cl2 (3 x 5 mL) and the filtrate washed with aqueous HCl (1M,
10 mL). The aqueous layer was extracted with CH2Cl2 (3 x 2 mL) and the combined organic
layer washed with H2O (10 mL) and dried (MgSO4). The solvent was reduced under vacuum
to give a dark brown oil. The oil was adsorbed onto SiO2 and purified using column
chromatography (SiO2, step gradient elution, 10% EtOAc, 90% hexanes to 20% EtOAc / 80%
Hexanes to PhMe) to yield 7a (0.044 g, 80% yield) as a brown solid. 7a: 1H NMR (300 MHz,
CDCl3) δ 8.28 (d, J = 9.3 Hz, 10-pyrene, 3H), 8.19 – 7.93 (m, 3,4,5,6,7,8,9-pyrene, 21H),
7.87 (d, J = 7.8 Hz, 2-pyrene, 3H), 7.47 (d, J = 8.5 Hz, 2-aryl, 2H), 7.44 (d, J = 8.5 Hz, 3aryl, 2H), 7.26 (d, J = 8.9 Hz, trityl 2-aryl, 6H), 6.85 (d, J = 8.9 Hz, trityl 3-aryl, 6H), 4.53 (t,
J = 1.8 Hz,
ferrocene 2,5-alkynecyclopentadiene, 2H), 4.26 (m,
ferrocene 3,4alkynecyclopentadiene and cyclopentadiene, 7H), 4.00 (t, J = 6.0 Hz, 1-butyl, 6H), 3.40 (t, J
= 7.4 Hz, 4-butyl, 6H), 2.25 – 1.84 (m, 2,3-butyl, 12H). 13C NMR (75 MHz, CDCl3) δ 158.18,
142.98, 142.55, 142.14, 138.30, 136.96, 131.83, 131.63, 131.29, 130.46, 130.22, 129.03,
127.92, 127.66, 127.01, 126.21, 125.49, 125.42, 125.27, 125.20, 125.11, 123.80, 114.23,
68.08, 54.49, 33.55, 29.66, 28.68. IR (ATR) 3038, 2936, 2867, 2246, 2203, 1716, 1603, 1581,
1505, 1468, 1433, 1416, 1390, 1294, 1245, 1175, 1105, 1041, 1012, 957, 905 cm-1. ESI-TOFMS m/z Calcd. m/z 1368.5144 [M]+. Found m/z 1368.5138 [M]+.
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Scheme A2.18. Synthesis of tripod 7b.
Fe
Br
Fe

O

O
O

Pd(PPh3)2Cl2
THF / Et3N / CuI
60 oC
42%

O

O
O

7b

S11

Preparation of ferrocene tripod 7b.
A flame dried 5 mL round bottom flask fitted with an airfree adapter joint was charged with
S11 (27 mg, 0.024 mmol), ethynylferrocene (14 mg, 0.05 mmol), CuI (5 mg, 0.026 mmol)
and Pd(dppf)Cl2 (3 mg, 4 µmol). The solids were placed under an N2 atmosphere by three
cycles of evacuation and backfilling with N2. Anhydrous THF (0.4 mL) and Et3N (0.4 mL)
were degassed by three freeze, pump, thaw cycles and transferred to the reaction vessel using
a disposable polypropylene syringe. The reaction mixture was degassed by one freeze, pump,
thaw cycle and allowed to warm to room temperature. The mixture was then stirred at 60 oC
for 24 hours, at which time the reaction was complete by TLC (SiO2, 20% EtOAc, 80%
hexanes, Rf = 0.44, product spot is orange). The reaction mixture was filtered through celite
and the filter washed with CH2Cl2 (3 x 5 mL) and the filtrate washed with aqueous HCl (1M,
10 mL). The aqueous layer was extracted with CH2Cl2 (3 x 2 mL) and the combined organic
layer washed with H2O (10 mL) and dried (MgSO4). The solvent was reduced under vacuum
to give a dark brown oil. The oil was adsorbed onto SiO2 and purified using column
chromatography (SiO2, step gradient elution, 10% EtOAc, 90% hexanes to 20% EtOAc / 80%
Hexanes to PhMe) to yield 7b (0.014 g, 42% yield) as a brown solid. 7b: 1H NMR (600 MHz,
CDCl3) δ 8.33 (d, J = 9.2 Hz, 10-pyrene, 4H), 8.23 – 8.20 (m, 6,8-pyrene, 6H), 8.19 (d, J =
7.8 Hz, 2-pyrene, 3H), 8.16 (d, J = 9.2 Hz, 9-pyrene, 3H), 8.13 (d, J = 7.8 Hz, 3-pyrene, 3H),
8.08 (d, J = 9.0 Hz, 5-pyrene, 3H), 8.07 (d, J = 9.0 Hz,4-pyrene, 3H), 8.03 (t, J = 7.6 Hz, 7pyrene, 3H), 7.46 (d, J = 8.6 Hz, 2-aryl, 2H), 7.42 (d, J = 8.6 Hz, 3-aryl, 2H), 7.32 (d, J = 8.9
Hz, 6H), 7.07 (d, J = 8.8 Hz, 6H), 5.76 (s, 6H), 4.51 (t, J = 1.8 Hz, ferrocene 2,5alkynecyclopentadiene, 2H), 4.25 (m, ferrocene 3,4-alkynecyclopentadiene and
cyclopentadiene, 7H). 13C NMR (100 MHz, CDCl3) δ 152.54, 133.15, 126.38, 126.31, 126.01,
125.95, 125.54, 125.02, 124.58, 124.12, 122.86, 122.45, 122.17, 121.76, 120.82, 120.18,
119.75, 119.47, 117.87, 109.18, 66.23, 64.78, 63.72, 63.65. IR (ATR) 3039, 2922, 2852,
1727, 1662, 1650, 1603, 1582, 1503, 1458, 1417, 1378, 1293, 1275, 1262, 1235, 1175, 1106,
1062, 1002, 958 cm-1. ESI-MS m/z Calcd. m/z 1242.3735 [M]+. Found m/z 1242.5227 [M]+.
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C. NMR Spectra
Figure A2.3. 1H NMR of phenanthrene butynol S1 (400 MHz, CDCl3, 298K).
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Figure A2.4. 13C NMR of phenanthrene butynol S1(75 MHz, CDCl3, 298K).
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Figure A2.5. 1H NMR of phenanthrene butanol S2 (300 MHz, CDCl3, 298K).

Figure A2.6. 13C NMR of phenanthrene butanol S2 (75 MHz, CDCl3, 298K).
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Figure A2.7. 1H NMR of phenanthrene butanol tosylate S3 (300 MHz, CDCl3, 298K).
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Figure A2.8. 13C NMR of phenanthrene butanol tosylate S3 (75 MHz, CDCl3, 298K).
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Figure A2.9. 1H NMR of naphthalene butynol S4 (400 MHz, CDCl3, 298K).

Figure A2.10. 13C NMR of naphthalene butynol S4 (100 MHz, CDCl3, 298K).
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Figure A2.11. 1H NMR of naphthalene butanol S5 (400 MHz, CDCl3, 298K).

Figure A2.12. 13C NMR of naphthalene butanol S5 (100 MHz, CDCl3, 298K).
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Figure A2.13. 1H NMR of naphthalene butanol tosylate S6 (300 MHz, CDCl3, 298K).

Figure A2.14. 13C NMR of naphthalene butanol tosylate S6 (75 MHz, CDCl3, 298K).
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Figure A2.15. 1H NMR of phenanthrene tripod ligand S7 (600 MHz, CDCl3, 298K).

Figure A2.16. 13C NMR of phenanthrene tripod ligand S7 (125 MHz, CDCl3, 298K).
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Figure A2.17. 1H NMR of naphthalene tripod ligand S8 (400 MHz, CDCl3, 298K).

Figure A2.18. 13C NMR of naphthalene tripod ligand S8 (100 MHz, CDCl3, 298K).
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Figure A2.19. 1H NMR of complex 1b·3PF6 (600 MHz, (CD3)2CO, 298K).

Figure A2.20. 13C NMR of complex 1b·3PF6 (125 MHz, (CD3)2CO, 298K).
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Figure A2.21. 1H NMR of complex 1c·3PF6 (600 MHz, (CD3)2CO, 298K).

Figure A2.22. 13C NMR of complex 1c·3PF6 (125 MHz, (CD3)2CO, 298K).
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Figure A2.23. 1H NMR of aryl bromide S9 (300 MHz, CDCl3, 298K).

Figure A2.24. 13C NMR of aryl bromide S9 (75 MHz, CDCl3, 298K).
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Figure A2.25. 1H NMR of aryl bromide 6 (300 MHz, CDCl3, 298K).

Figure A2.26. 13C NMR of aryl bromide 6 (75 MHz, CDCl3, 298K).
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Figure A2.27. 1H NMR of aryl bromide S10 (300 MHz, CDCl3, 298K).

Figure A2.28. 13C NMR of aryl bromide S10 (75 MHz, CDCl3, 298K).
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Figure A2.29. 1H NMR of aryl bromide S11 (300 MHz, CDCl3, 298K).

Figure A2.30. 13C NMR of aryl bromide S11 (75 MHz, CDCl3, 298K).
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Figure A2.31. 1H NMR of ferrocene tripod 7a (300 MHz, CDCl3, 298K).

Figure A2.32. 13C NMR of ferrocene tripod 7a (75 MHz, CDCl3, 298K).
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Figure A2.33. 1H NMR of ferrocene tripod 7b (600 MHz, CDCl3, 298K).

Figure A2.34. 13C NMR of ferrocene tripod 7b (100 MHz, CDCl3, 298K).
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D. Raman Spectroscopy
Figure A2.33. Representative Raman spectrum of a graphene electrode.

Figure A2.34. Representative Raman spectrum of a graphene electrode.
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Figure A2.35. Representative Raman spectrum of a graphene electrode.

Figure A2.36. Representative Raman spectrum of a graphene electrode.
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Figure A2.37. Representative Raman spectrum of a graphene electrode.

Figure A2.38. Representative Raman spectrum of a graphene electrode.
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Figure A2.39. Representative Raman spectrum of a graphene electrode.

Figure A2.40. Representative Raman spectrum of a graphene electrode.
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Figure A2.41. Representative spatial map of the intensity of the D band of a graphene
electrode.

Figure A2.42. Representative spatial map of the intensity of the G band of a graphene
electrode.
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E. Electrochemical Characterization
Electrochemistry on graphene. All electrochemical experiments were carried out in 0.1M
NBu4ClO4 in THF as supporting electrolyte under ambient conditions (i.e. oxygen and trace
water). Graphene electrodes were prepared by transferring single-layer graphene grown on Cu
foil by chemical vapor deposition onto Si/SiO2 wafers.8e Electrical contact was made to the
graphene by pressing a contact wire into a bead of In metal placed on the graphene surface
outside of the electroactive region. All measurements used 1 mL of analyte solution. The
electrochemical cell consisted of a custom made Teflon cell with a single compartment. Pt
counter and pseudoreference electrodes were used. Cyclic voltammagrams were recorded in
analyte solution in every case, except desorption experiments, which used supporting
electrolyte only.
Table A2.1. ΔGads for compounds 1a-c•2PF6 and 2•3PF6 from the fit to the Langmuir model
in Figure 3.1A

Table A3.1
Compound
ΔGads (kJ mol-1)
−38.8 ± 0.2
−38.9 ± 0.46
−40.7 ± 0.7
−38.3 ± 0.5

1a•2PF6
1b•2PF6
1c•2PF6
2•3PF6

Figure A2.43. Cyclic voltammagram of tripod complex 1b·2PF6 adsorbed on a graphene
(0.1M NBu4ClO4 in THF, 0.1 V s-1 ).
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Figure A2.44. Plot of peak current with varying scan rate for tripod complex 1b·2PF6
adsorbed on a graphene electrode (1.0 µM 1b·2PF6, 0.1M NBu4ClO4 in THF, 0.1 V s-1).

Figure A2.45. Cyclic voltammagram of tripod complex 1c·2PF6 adsorbed on a graphene
electrode in blank electrolyte (0.1M NBu4ClO4 in THF, 0.1 V s-1).
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Figure A2.46. Plot of peak current with varying scan rate for tripod complex 1c·2PF6
adsorbed on a graphene electrode (1.0 µM 1c·2PF6, 0.1M NBu4ClO4 in THF, 0.1 V s-1).

Figure A2.47. Cyclic voltammagram of tripod complex 7a adsorbed on a graphene electrode
in blank electrolyte (0.1M NBu4ClO4 in THF, 0.1 V s-1).
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Figure A2.48. Cyclic voltammagram of tripod complex 7b adsorbed on a graphene electrode
in blank electrolyte (0.1M NBu4ClO4 in THF, 0.1 V s-1).
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CHAPTER FOUR
QUANTIFICATION OF THE SURFACE DIFFUSION OF TRIPODAL BINDING
MOTIFS ON GRAPHENE USING SCANNING ELECTROCHEMICAL
MICROSCOPY
4.1

Abstract
The surface diffusion of a cobalt bis-terpyridine, Co(tpy)2-containing tripodal

compound (1·2PF6), designed to noncovalently adsorb to graphene through three
pyrene moieties, has been studied by scanning electrochemical microscopy (SECM)
on single-layer graphene (SLG). An initial boundary approach was designed in which
picoliter droplets (radii ≈15−50 μm) of the tripodal compound were deposited on an
SLG electrode, yielding microspots in which a monolayer of the tripodal molecules is
initially confined. The time evolution of the electrochemical activity of these spots
was detected at the aqueous phosphate buffer/SLG interface by SECM, in both
generation/collection (G/C) and feedback modes. The tripodal compound microspots
exhibit differential reactivity with respect to the underlying graphene substrate in two
different electrochemical processes. For example, during the oxygen reduction
reaction, adsorbed 1·2PF6 tripodal molecules generate more H2O2 than the
unfunctionalized graphene surface. The product was detected with spatial and
temporal resolution using the SECM tip. The tripodal compound also mediates the
oxidation of an Fe(II) species, generated at the SECM tip, under conditions in which
SLG exhibits slow interfacial charge transfer. In each case, SECM images, obtained at
longer times, show a gradual decrease in the electrochemical response due to radial
diffusion of the adsorbed molecules outward from the microspots onto the
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unfunctionalized areas of the SLG surface. This response was to a simple surface
diffusion model, which yielded excellent agreement between the two experiments for
the effective diffusion coefficients: Deff = 1.6 (± 0.9) × 10−9 cm2/s and Deff = 1.5 (± 0.6)
× 10−9 cm2/s for G/C and feedback modes, respectively. Control experiments ruled out
alternative explanations for the observed behavior, such as deactivation of the
Co(II/III) species or of the SLG, and verified that the molecules do not diffuse when
confined to obstructed areas. The noncovalent nature of the surface functionalization,
together with the surface reactivity and mobility of these molecules, provides a means
to couple the superior electronic properties of graphene to compounds with enhanced
electrochemical performance, a key step toward developing dynamic electrode
surfaces for sensing, electrocatalysis, and electronic applications. The work described
in this chapter was performed in collaboration with Dr. Joaquín Rodrígues López., Ms.
Nicole Ritzert, and Ms. Cen Tan under the direction of Prof. H. D. Abruña and Prof.
W. R. Dichtel and was published in the Journal of the American Chemical Society
(Rodríguez-López, J.; Ritzert, N. L.; Mann, J. A.; Tan, C.; Dichtel, W. R.; Abruña, H.
D. J. Am. Chem. Soc. 2012, 134, 6224.)
4.2

Introduction
Here, we demonstrate that single layer graphene (SLG) allows the mobility of

redox-enhancing molecular binders at its surface in an electrolytic medium. The
superb physical, optical, and electronic properties1−4 of single- and multilayer
graphene motivate its fundamental study and development for applications including
transparent electrodes,5−8 resonators,9,10 transistors,11−16 and others. However, within
an electrochemical context, SLG exhibits slow interfacial charge transfer kinetics at
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the graphene/solvent interface with many redox mediators, as do highly oriented
pyrolytic graphite (HOPG) and carbon nanotubes.17−21 This reactivity increases with
the intentional generation of oxygenated defects,22 nitrogen incorporation,23 and in
graphene oxide samples with abundant reactive edges and oxide sites.24−29 However,
these modifications disrupt graphene’s conjugation.25 In contrast, noncovalent
functionalization couples the superior electronic properties of SLG to adsorbed
molecules with enhanced electrochemical activity. In Chapter 2, we introduced30 the
tripodal compound 1·2PF6, which consists of a Co(II) bis-terpyridine [Co(tpy)2] redox
center attached to a tetrahedral core bearing three pyrene “feet”. The pyrene moieties
interact strongly with the graphene surface31 (Figure 4.1A), and this multivalent design
results in kinetically stable monolayers that resist desorption under infinite dilution
conditions.30
Although 1·2PF6 molecules do not desorb readily from SLG, we hypothesized
that they might diffuse over the two dimensional carbon surface. Here we explore the
surface mass transport properties of 1·2PF6 on SLG by detecting its differential
electrochemical activity with spatial and temporal resolution. Thus we designed two
strategies, each based on the scanning electrochemical microscope (SECM),32−34 for
the electrochemical detection of the 1·2PF6 surface concentration in real time,
allowing its surface diffusion coefficient to be measured. In this work, we demonstrate
the ability of adsorbed functionalities to modify the electrochemical activity of
graphene and exploit the dynamic nature of noncovalent π-stacking interactions.
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Figure 4.1. Strategy for characterizing the surface diffusion of a tripodal compound on
graphene using SECM. (A) Chemical structure of tripodal compound 1·2PF6 and its proposed
mode of adsorption onto SLG. (B) Initial boundary approach for measuring the surface
diffusion of 1·2PF6, initially confined to a few micrometers-sized spot, by detecting a
decrease in its electrochemical activity as a result of radial diffusion onto the bulk surface.
Schematics of the complementary substrate generation/tip collection (C) and feedback modes
(D) of SECM. In each case, the SECM microelectrode (radius a) is positioned at a distance d
from the substrate and scanned in the x and y directions to produce a spatially and temporally
resolved reactivity image.

Controlling the surface diffusion of molecular electrocatalysts35 on a model carbon
support, such as graphene, is an intriguing possibility for designing efficient catalytic
platforms and studying association phenomena,35,36 for which dynamic interactions
between electrocatalysts may benefit the product selectivity or catalytic performance.
These and other cooperative properties might emerge from the ability of the surface to
present dynamic combinations of functional groups. Finally, functionalizing graphene
with [Co(tpy)2] or other redox couples using motifs that bind with predictable and
well-defined orientations might also facilitate future studies of molecular electronic
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phenomena.37,38 Relatively few techniques can measure surface diffusion coefficients
at the solid/liquid or solid/electrolyte interface. Electrochemical scanning tunneling
microscopy (EC-STM) may be used in principle,39,40 but this technique is uncommon
because of the difficulty of imaging in liquids at room temperature.41 In most
instances, only qualitative data are obtained or inferred.42 STM has been used at
cryogenic temperatures to study molecular adsorption on graphene under more
favorable conditions.43,44 Nuclear magnetic resonance spectroscopy has been applied
to a limited subset of samples, such as lipid bilayers45,46 or to suspended samples of
nanoparticle electrocatalysts.

47,48

Fluorescence measurements,49,50 such as the widely

used fluorescence recovery after photobleaching method (FRAP),51−53 in which the
time dependence of the fluorescence restoration of a small photobleached spot is
monitored, might also be used. However graphene oxide, reduced graphene oxide, and
pristine SLG strongly quench organic dyes54−57 and semiconductor nanocrystals,58
likely rendering these surfaces incompatible with the FRAP approach. The limitations
of the above techniques motivated us to develop an electrochemical method for
characterizing the surface diffusion of 1·2PF6 on SLG. The use of SECM for
measuring surface diffusion coefficients was pioneered by Unwin59 and co-workers at
the water/air interface, first by taking advantage of acid−base equilibria60−62 to use the
generation/collection modes to study proton diffusion along Langmuir monolayers and
later through feedback measurements using redox-active amphiphiles.63 Effective
diffusion coefficients for charge transfer across thin redox-active layers were also
measured using an electrochemical analogue of FRAP experiments.64−66 These
electrochemical experiments require an inert supporting interface because it is
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otherwise difficult to deconvolve the SECM response to the background activity and
lateral conductivity of the electrode67,68 from charge transport or molecular diffusion.
The low interfacial activity of graphene for several redox mediators provides the
requisite low background over which the electrochemically active tripod molecules
can be readily detected. Other complications that might obscure a linear SECM
response to variations in the molecular surface concentration, such as a large selfexchange rate between adjacent redox centers,69 were circumvented in this work
through the judicious choice of the Co(II/III) redox couple, whose slow self-exchange
rate70,71 originates from an unfavorable spin conversion.72,73 Likewise, as discussed in
Chapter 2, we previously found that 1·2PF6 exhibits Langmurian adsorption onto the
SLG surface, which suggests that interactions between adjacent molecules are
sufficiently weak to not complicate the surface diffusion analysis.30
Our experimental approach (Figure 4.1B) relies on characterizing the diffusion
of the tripodal compound 1·2PF6 radially outward from a monoloayer initially
deposited as a small microspot. A droplet of the 1·2PF6 solution of appropriate
concentration to form a monolayer is dispensed as a microspot of radius b onto the
graphene surface, forming an initial boundary with (ideally) a uniform concentration
of the tripod upon drying. When immersed in an electrolyte (t = τ0) that disfavors the
desorption of the tripod but allows some degree of solvation of the [Co(tpy)2]
complex, the molecule diffuses outward onto the bare graphene surface. The SECM
tip interrogates the electrochemical activity of the surface, or of products flowing
outward from it, with spatial resolution and records “electrochemical snapshots” that
describe the time evolution of the microspot. The microspot’s activity decreases over
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time (t = τ1, τ2, ..., τx) due to the radial dilution of the mobile 1·2PF6 molecules on the
surface. The decrease in the analytical signal at the center of the spot is fit to a surface
diffusion model, yielding a macroscopic effective surface diffusion coefficient, Deff.
Two complementary modes of SECM were used to differentiate the activity of
1·2PF6 from the unfunctionalized SLG electrode. In the first mode (Figure 4.1C), a
catalytic reaction triggered by the Co(tpy)2 moiety generates homogeneous products
that are collected at the tip.74 Specifically, we used the oxygen reduction reaction
(ORR) under kinetic control, eqs 1 and 2,75 and showed that adsorbed 1·2PF6 is able
to generate more H2O2 35,76 than the bare SLG. The Pt tip detects this peroxide through
the inverse electrochemical process. H2O2 imaging using SECM has been used
previously to characterize immobilized enzymes77−80 and to evaluate the activity of
electrocatalysts.81−83

In the second mode (Figure 4.1D), feedback measurements directly assess the
electrochemical activity of the tripodal molecules at the graphene/solution interface.
Such feedback measurements of molecular species have been obtained at diverse
interfaces, including self-assembled monolayers,84 enzyme reactive sites,85 intercalated
DNA,86 dye-sensitized solar cells,87 and biological cells.88 Here, a redox mediator in
solution is activated at the tip, e.g. Ox + e− → Red, where Ox and Red are the oxidized
and reduced mediator species, respectively. The substrate is held at a constant
oxidizing potential such that each of the adsorbed Co(tpy)2 redox centers are in the
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Co(III) oxidation state. The activated mediator, Red, diffuses to the surface, where it is
oxidized by the Co(III) tripodal molecules to form Ox and a bound Co(II) species that
is rapidly reoxidized to Co(III) by the activated surface. Ox diffuses back to the tip,
where it is reactivated, and the repetition of these processes establishes a feedback
current, which is measured at the tip. This feedback current is quantitatively related to
an effective exchange rate constant that is directly proportional to the surface
concentration of the adsorbed species.84 The time evolution of the surface
concentration

is

modeled

to

obtain

Deff

as

described

for

the

above

generation/collection scheme. Fe(II/III) complexes were chosen as mediators since
they are relatively insensitive to electrochemical activation at the basal plane of
HOPG89,90 and have shown good chemical identification of adsorbed species in
contrast to the competing electrode activation.91
4.3

Experimental Methods
Chemicals. The tripodal compound 1·2PF6 (Figure 4.1A) was synthesized as

reported in Chapter 2 ( see Scheme 2.1).30 Aqueous experiments were carried out with
deionized water from a Millipore system. Chemicals used as received were potassium
phosphate

monobasic,

potassium

chloride

(KCl),

isopropanol

(IPA),

dimethylformamide (DMF), dichloromethane (DCM), glycerol (GLY), ethanol
(EtOH), and acetone from Mallinckrodt; agar and ethylenediamine-tetraacetic acid
ferric sodium salt (FeEDTA) from Sigma; potassium phosphate dibasic trihydride,
tetrahydrofuran (THF), and anisole from Aldrich; potassium hexacyanoferrate
(ferricyanide) and nitric acid from Fisher; tetrabutylammonium perchlorate (TBAP)
from Fluka; hydroxymethylferrocene and Cu foil (0.025 mm thick, 99.8%) from Alfa;
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glacial acetic acid, acetone, and isopropanol for graphene synthesis from VWR. For
the fabrication of SECM tip electrodes, soft glass capillaries (FHC, Inc.) and 25 μm
diameter platinum (99.99%) microwire (Goodfellow) were used and polished on
microcloth polishing pads (Buehler). Silver, gold, tungsten, and indium wires were
supplied

by

Sure

Pure

metals.

The

electrochemically

active

copolymer

poly(vinylpyridine)/poly(vinylferrocene)92 (PVP/PVF) 2:1 was used from an available
batch. Reference electrodes were homemade Ag/AgCl in saturated KCl, and all
potentials are quoted versus this reference. The reference was used with disposable 3%
agar jelly/0.2 M potassium nitrate salt bridges to prevent silver ion and chloride
contamination in the electrochemical cell. Gold was used as counter electrode and was
sonicated in acetone and rinsed with water before use. For experiments with highly
oriented pyrolytic graphite, HOPG SPI-2 grade (Structure Probe Inc.) was freshly
cleaved before experiments using adhesive tape and then rinsed in the electrochemical
cell using IPA. Graphene was obtained through chemical vapor deposition on Cu
substrates and later transferred onto Si/SiO2 chips (see Appendix, Figure A3.1).
Electrochemical

Measurements.

All

electrochemical

and

SECM

measurements were performed with a CHI 900 SECM station. A homemade Teflon
electrochemical cell with an active window of 0.2 cm2, in which the graphene or
HOPG substrate electrodes were sandwiched between an O-ring in the Teflon body
and the PMMA base, was used for SECM and three-electrode measurements. For
conventional three electrode experiments in organic solvents, either graphene or
HOPG was used as the working electrode, with a Ag wire as a reference and a Au wire
as counter electrode. Experiments in which 1·2PF6 adsorption was monitored, with the

134

electrode later transferred to an aqueous environment, consisted in using <5 μM tripod
in THF or DMF with 0.1 M TBAP as supporting electrolyte and running cyclic
voltammograms (CV) to verify the adsorption of the tripod and to calculate its
coverage. In order to study the behavior of the tripod in an aqueous environment, the
cell was thoroughly rinsed with blank solvent (THF or DMF) to remove excess tripod
and organic supporting electrolyte, then rinsed with IPA at least once (to recreate the
conditions of the blank electrodes), and then thoroughly rinsed with deionized water to
remove excess solvents. Finally phosphate buffer (0.2 M, pH 7) was introduced as the
aqueous electrolyte. While inevitable losses were observed during this procedure,
1·2PF6 could be detected and quantified using CV in the aqueous solution. Adsorption
of PVP/PVF for feedback and control experiments was carried out by exposing the
substrate electrodes to a solution of 0.1 mg/mL of the polymer in EtOH and then
rinsing with copious amounts of H2O.
Tripod Microspots on Graphene and HOPG. Microarrays of drops of
1·2PF6 solution were dispensed on graphene and HOPG using a picoliter dispenser
with a 30-μm diameter orifice (Microfab Inc. Plano, Texas) controlled by a homemade
circuit with output gain of 20X using two OPA445AP High Voltage FET-Input
operational amplifiers (Burr-Brown products from Texas Instruments).93 The
dispenser was operated using a synthesized function generator model DS345 (Stanford
Research Systems) and an oscilloscope model TDS 210 (Tektronics) and powered by
two batteries at ± 30 V. 1·2PF6 was dissolved in a mixture of DMF/GLY 10:1
(intended to dissolve the tripod with a workable viscosity and low evaporation rate at
room temperature) and was deposited by applying two consecutive pulses of 25 μs (20
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kHz) at 44 V (input of 2.2 V). This deposition procedure typically yielded droplets of
radius b ≈ 50 μm as determined by optical microscopy. A calibration experiment
(same solvent and parameters) that dispensed a solution of hydroxymethylferrocene
(0.1 M) 100 times into a droplet (50 μL) of phosphate buffer was analyzed by steady
state voltammetry using a 25-μm microelectrode in a two-electrode configuration.
This calibration showed that each dispensing cycle produced droplets of 177 ± 8 pL,
i.e., flattened hemispheres with radius b ≈ 50 μm and height h ≈ 35 μm. Using this
information, the concentration of 1·2PF6 was chosen to deliver the desired amount of
adsorbate to the SLG surface. For example, [1·2PF6] = 45 μM provides an
approximate coverage of 104 pmol/cm2 within each spot, which exceeds the ≈70
pmol/cm2 required for the first plateau observed in the isotherm for 1·2PF6 on
graphene but is lower than a more compact layer observed at ≈ 140 pmol/cm2. A slight
excess is desirable to account for possible losses in the dispensing process94 but much
larger excesses, e.g., five-fold monolayer equivalents, caused precipitation of 1·2PF6
on the SLG surface and the inability to perform SECM measurements (i.e., a lower
activity of spots is observed compared to the SLG substrate). Typical arrays of tripod
spots were deposited on graphene or HOPG electrodes with interspot distances
between 300 and 600 μm. The arrays were dried at 50 °C in an oven at ambient
pressure for ≈1 h before imaging. Successful images were typically obtained from
arrays where no residue was evident on the graphene substrate upon microscopic
inspection.
SECM Experiments. SECM experiments used a four electrode configuration.
All SECM experiments were performed using a sharpened 25-μm diameter Pt
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microdisk SECM tip with an RG ≈ 7 (closest approach on glass d0 ≈ 1.5 μm) sealed in
soft glass using reported procedures.33 For imaging experiments, the time at which the
solution was introduced into the cell and wetted the substrate electrode was defined as
t = 0. The SECM tip was approached to the surface and positioned at a tip/surface
distance of 10 μm. A first extended image or several lateral scans were performed at
relatively high scan rate (e.g., 125 μm/s in steps of ≈15−25 μm) to locate an active
spot. Subsequent images were obtained at more moderate scan rates and higher
resolution (e.g., 50 μm/s in steps of 6−10 μm). An accumulated uncertainty in the time
assigned to each image (i.e., the maximum intensity of the image) is estimated to be
≈100 s because of changes in the position of the spot due to a slight drift in the motors.
All times shown in images are thus rounded to the nearest 100 s. All approach curves
and tip positioning procedures were analyzed using reported expressions.95
For H2O2 collection experiments, the electrolyte was air-saturated aqueous
phosphate buffer (0.2 M, pH = 7).96 The tip was positioned in the negative feedback
mode using O2 as mediator (typical iT,inf = 7 nA). Unless otherwise noted, for H2O2
collection experiments, the substrate was biased to a potential ES = −0.6 V vs Ag/AgCl
and the tip to ET = 0.6 V vs Ag/AgCl (i.e., ≈1.22 V vs RHE, an optimum potential for
H2O2 collection at Pt).81 Occasional cleaning of the tip was performed between images
by cycling between 0.8 and −0.6 V vs Ag/ AgCl to prevent fouling, although no
significant improvement was observed in relatively clean environments. Potassium
ferricyanide (1− 2 mM) dissolved in aqueous phosphate buffer (0.2 M, pH 7) was used
for feedback imaging experiments. For graphene electrodes, the tip, ET = −0.1 V vs
Ag/AgCl, was positioned by a negative feedback-like approach curve obtained with
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the substrate at open circuit (Appendix Figure A3.2).97 For feedback experiments on
HOPG, a positive feedback approach curve was also used to verify adequate
positioning. During imaging, the substrate electrodes were biased to ES = 0.4 V vs
Ag/AgCl unless otherwise noted. Conditions for the supporting experiments with
FeEDTA as mediator are described in the Appendix.
Simulations and Experimental Considerations. Digital simulations of the
surface diffusion problem coupled to the SECM conditions were performed using the
COMSOL Multiphysics 3.5a software, which implements the finite element method to
solve the required kinetic and diffusion coupled equations. A complete description of
the simulation conditions for the G/C and feedback schemes is given in the Appendix.
Figure A3.2 shows the temporal evolution of the surface concentration of a
species with a homogeneous surface concentration (Γ0) that is radially diffusing from
an initially confined circular microspot (radius b). The microspot is surrounded by a
semi-infinite blank surface with radius 20b and the diffusing species exhibits a
uniform surface diffusion coefficient D (i.e., independent of coverage and
intermolecular interactions). The response is modeled using a radial coordinate r,
where r = 0 represents the center of the microspot. The results of these simulations are
displayed as a series of master curves that describe the temporal evolution of the
surface concentration of the diffusing species relative to its initial value at the center
of the microspot (Γ/Γ0) at each of several normalized distances r/b from the center. A
dimensionless time τ is introduced as shown in eq 3:
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where D is the diffusion coefficient of the species, t is time, and b is the radius of the
microspot. The conditions tested include 1 × 10−4 cm2/s > D > 1 × 10−16 cm2/s (1 cm2/s
= 1 × 10−4 m2/s), 1000 μm > b >0.001 μm (1 μm = 1 × 10−6 m), and their respective
times (s) such that 5 > τ > 0. Figure 4.2A,B shows the concentration profiles for the
coordinates inside and outside the original area of the microspots, respectively. The
concentration inside of the spot shows a continuous decrease as a consequence of
radial diffusion, whereas the positions outside of the spot show a concentration front
that increases and then vanishes upon further radial dilution.

Figure 4.2. Master curves for the surface concentration changes associated with the twodimensional diffusion of adsorbed molecules from a circular area with uniform initial
concentration Γ0 and radius b outward onto a blank, bulk surface. The different curves indicate
selected positions in the radial coordinate r, and the horizontal axis represents the normalized
time τ (eq 3). The curves in panel A correspond to coordinates within the initial boundary, and
the curves in panel B correspond to coordinates outside the initial boundary.

Two observations relevant to our SECM measurements warrant further discussion.
First, the steepest change in concentration and therefore electrochemical signal occurs
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at the center of the microspot, where the concentration drops to ≈ 25% of its original
value in one time period. This finding suggests that measuring the surface
concentration as a function of time at the center of the microspot is likely to be the
most effective strategy for characterizing the molecular diffusion process. Second, the
changes within the original area of the spot follow closely those of the center while the
changes outside the original area of the spot are not sufficient to supply more than
≈10% of the original concentration to radii larger than 2b as a consequence of radial
dilution of the species. Therefore, it is expected that only a modest broadening of the
signal will be observed. In utilizing the dimensionless time parameter (τ), these
simulations also highlight the interplay between the size of the spot deposited, the
expectations on the value of D, and the absolute time and time resolution available for
the experiment. For example, for D = 1 × 10−9 cm2/s (a value between a typical
solution diffusion coefficient, D = 1 × 10−5 cm2/s, and that of a low surface diffusion
coefficient, D = 1 × 10−13 cm2/s, approaching diffusion in solids)47 with a spot of
radius b = 50 μm and for times τ < 1, the absolute measuring time would conveniently
be 25,000 s (e.g., enough for positioning the tip and obtaining several images), in
contrast to 2.5 s if b = 500 nm, which would be experimentally difficult to probe
through SECM imaging. Finally, in SECM experiments, the size of the tip affects the
spatial and temporal resolution of the measurement. Scans performed with relatively
large tips, e.g., a > 5 μm, allow for a fast screening of a given area (e.g., if b = 50 μm)
at the expense of a convoluted signal from the area that is projected below the tip.
Smaller tips could directly correlate the concentration profile at the substrate to the tip
response but are more challenging to implement in a time-sensitive experiment. In this
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study we opted for the former option and solved the convoluted tip response by fitting
to widely implemented computer simulations for SECM studies.
4.4

Results and Discussion
H2O2 Collection Experiments. In Chapter 2 we discussed the characterization

of monolayer formation, desorption, and the electrochemical behavior of the pyrenecontaining tripodal compound 1·2PF6 on SLG.30 Its Co(II/III) redox center exhibits
quasi-reversible electrochemical kinetics at scan rates between 0.1 and 3.0 V/s with a
standard potential E0 = −0.2 V vs ferrocene. The slower rate of electron transfer
between graphene and 1·2PF6 (standard rate constant k0 = 13.5 s−1) relative to that of a
model compound bearing a single pyrene moiety (k0 = 18 s−1) suggested that the
tripodal motif projects its [Co(tpy)2] complex away from the graphene surface.
Finally, monolayers of 1·2PF6 resist desorption when transferred to fresh THF/
NH4PF6 electrolyte solution. Here, our SECM experiments are performed in aqueous
electrolyte, in which 1·2PF6 is insoluble and the strength of aromatic stacking
interactions is maximized, making its desorption from SLG even less favorable. As
such, our measurements of the surface diffusion dynamics of 1·2PF6 are minimally
complicated by transport mechanisms other than lateral translation across the graphene
surface (e.g., desorption-convection). Preliminary experiments performed at the basal
plane of freshly cleaved HOPG electrodes (analogous to the graphene surface) confirm
that 1·2PF6 remains strongly bound to the surface in aqueous electrolyte (Figure 4.3).
At the same scan rate (0.1 V/s), a similar peak splitting ΔEp ≈ 100 mV is observed in
both THF and aqueous phosphate buffer, suggesting that the adsorption mode and
orientation of the tripod is similar in both solvents.
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Figure 4.3. Cyclic voltammograms of 1·2PF6 adsorbed on the basal plane of HOPG (initial
surface concentration = 20 pmol/cm2). The left voltammogram (red curve) was obtained in a
0.1 M TBAP in THF supporting electrolyte. The right voltammogram (blue curve) was
obtained in phosphate buffer (0.2M, pH = 7) after rinsing the surface with THF, IPA, and
H2O.

A differential electrochemical response between adsorbed 1·2PF6 and bare
SLG is necessary to detect 1·2PF6 using SECM. Qualitative collection of H2O2 at a Pt
SECM tip originating from the ORR over HOPG and SLG electrodes in the presence
and absence of 1·2PF6 monolayers showed sufficient activity differences to provide
this contrast (Figure 4.4). The onset for ORR on Pt in phosphate buffer occurs at
∼0.15 V vs Ag/AgCl (∼0.77 V vs RHE), and thus the reaction presents a considerable

overpotential on both bare SLG and HOPG. Inconsistencies in the rising portion of the
curves for oxygen reduction (lower panels) were observed in different batches of
graphene (Appendix Figure A3.3), which can be attributed to the presence of small
amounts of residual metal ions from the fabrication process (e.g., Cu, Fe).
Nevertheless, the output of H2O2 on both graphene and HOPG always increased
following adsorption of 1·2PF6. This increase was not observed when the electrodes
were exposed to organic electrolyte lacking 1·2PF6. Furthermore, Co complexes are
known to form H2O2 during the ORR.35,75,76
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Figure 4.4. Substrate generation/tip collection curves for H2O2 generated during the oxygen
reduction reaction performed in an air saturated phosphate buffer (0.2 M, pH = 7) at a largearea (left) graphene electrode (1·2PF6 coverage =23 pmol/cm2) or (right) HOPG electrode
(1·2PF6 coverage = 28 pmol/cm2). H2O2 collection at the SECM tip (a = 12.5 μm Pt, RG ≈ 7)
was performed at ET = 0.6 V vs Ag/AgCl at an interelectrode distance d = 10 μm. The linear
sweep of the substrate voltage was performed at 10 mV/s.

The H2O2 output curves (Figure 4.4) for graphene and HOPG show common
features when 1·2PF6 is present. Each curve shows a rise to a maximum H2O2 output,
followed by a sharp decrease at increased overpotentials, which likely reflects a
change in the predominant mechanism from the two-electron (eq 1) to the fourelectron route (eq 2). In order to use H2O2 generation/collection to describe changes in
the distribution of 1·2PF6 on the electrode surface, the electrochemical reaction must
operate under kinetic control, i.e., at low overpotentials, such that the rate of reaction
is proportional to the molecular surface concentration. Compared to a bare glassy
carbon surface (Appendix Figure A3.4), both 1·2PF6 -modified SLG and HOPG
produce less H2O2 at potentials positive of ES = −0.8 V vs Ag/AgCl (iT,max = 3 nA
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under similar conditions), which suggests kinetic control below this potential.
Furthermore, a graphene microelectrode experiment designed to estimate the
percentage of H2O2 output (Appendix Figure A3.5), i.e., the contribution of eq 1 to the
ORR process,74 over this potential region indicates that the total ORR current is less
than 0.25 times the limiting current (assuming the limiting 4-electron route) at
potentials more positive than ES = −0.6 V vs Ag/AgCl. Under these conditions, the
%H2O2 is less than ≈ 20% for unfunctionalized graphene, while that of tripodadsorbed graphene shows higher values of ≈ 40%. Under these kinetic limitations and
although likely dominated by convection of O2 toward the graphene substrate, a steady
background suitable for imaging on a bare SLG electrode is obtained (Appendix
Figure A3.6, ES = −0.6 V vs Ag/AgCl).
After establishing that adsorbed 1·2PF6 presents a differential reactivity during
the ORR on graphene, we employed a “microspot” approach to evaluate the mobility
of the tripods on the SLG surface (Figure 4.1). A piezoelectric dispenser (Figure 4.5A)
was used to deliver small droplets of a solution of 1·2PF6 in DMF/GLY (10:1 v/v),
forming an initial boundary with monolayer coverage of the species after solvent
evaporation. The droplets form well-defined areas that were observed by optical
microscopy. The ORR occurs on the entire substrate, yielding a background level of
H2O2 collection (Figure 4.5B) over unfunctionalized regions of the electrode, as well
as larger collection currents over areas where the tripod is adsorbed. Figure 4.5C
shows an array of tripod microspots deposited on HOPG (b = 50 and 300 μm center to
center). The areas where tripod spots were deposited are clear, and their sizes
correspond well to those observed by optical microscopy.
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Figure 4.5. Tripod microspot deposition on graphene and HOPG. (A) Schematics of
microdroplet deposition on the graphene surface from an organic precursor solution using a
piezoelectric dispenser. Optical micrographs show satellite spots during droplet dispensing of
DMF/GLY solutions that are not observed when aqueous solutions are deposited, but good
reproducibility of overall size and shape in both cases. (B) Schematics of imaging tripod
microspots by collecting H2O2 produced at the substrate during ORR. (C, D) SECM H2O2
substrate generation/tip collection experiments for (C) an array of 1·2PF6 microspots (100
pmol/cm2, b = 50 μm) on HOPG (recorded at t = 2 400 s) and (D) a 1·2PF6 microspot (100
pmol/cm2, b = 50 μm) on SLG (recorded at t = 6 300 s) that shows a satellite spot seen in
panel A. For each experiment, H2O2 collection at the SECM tip (a = 12.5 μm Pt, RG ≈ 7) was
performed at ET = 0.6 V vs Ag/AgCl, interelectrode distance d = 10 μm, and ES = −0.6 V vs
Ag/AgCl.

Figure 4.5D shows a microspot on a SLG electrode, where a satellite spot, created by
an irregular deposition from the dispenser, is also observed. The observation of these
irregularities further confirms the ability of the SECM to detect 1·2PF6 deposited on
SLG. The spots in Figure 4.5C,D are also well below the maximum H2O2 collection
observed for glassy carbon (Appendix Figures A4.4 and A4.7). Experiments in which
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blank solvent was deposited did not show any activity over the background.
We postulated that the necessary conditions to allow mobility of 1·2PF6 from
its initial confinement toward the bulk graphene surface are present once the electrode
is completely immersed in the electrolytic environment. The tip current observed due
to collection of H2O2 over microspots of 1·2PF6 on SLG decreases with time in a
manner consistent with surface diffusion. Figure 4.6 and Appendix Figure A3.8 show
a typical progression of this change in activity. It should be noted that an approximate
background of ∼0.85 nA is present throughout the experiment even as the spot activity
decreases, indicating that potential complications, such as fouling of the SECM tip, are
unimportant (occasional cleaning of the tip was performed with similar results). The
collection intensities observed for an approximate initial monolayer coverage of
1·2PF6 and for the SLG background are well below that observed for blank glassy
carbon, confirming that the requisite kinetic control for modeling surface diffusion
response is followed at ES = −0.6 V vs Ag/AgCl. An approximate calibration of the
H2O2 output in b = 50 μm spots for selected initial surface concentrations is also
shown in Appendix Figure A3.9 and indicates the decreasing trend in activity at lower
surface concentrations. The time dependence of the collection intensity at the center of
a microspot expected for surface diffusion, normalized to its initial intensity, was
simulated with respect to the normalized time τ (Figure 4.7).
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Figure 4.6. Progression of SECM hydrogen peroxide substrate generation/tip collection
images for a representative 1·2PF6 microspot on graphene (100 pmol/cm2, b = 50 μm). Images
A−D were obtained at the indicated times. H2O2 collection at the SECM tip (a = 12.5 μm Pt,
RG ≈ 7) was performed at ET = 0.6 V vs Ag/AgCl, interelectrode distance d = 10 μm, and ES =
−0.6 V vs Ag/AgCl. The substrate potential ES was −0.6 V vs Ag/ AgCl throughout the
experiment.
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Figure 4.7. Comparison of simulation and experiment for H2O2 collection experiments
performed over the center of 1·2PF6 microspots (r = 0). The experimental data were
background subtracted and fitted to the simulation by choice of D (implicit in τ) as explained
in the text. All conditions as in Figure 4.6.

This simulation is analogous to the concentration profile shown for the surface
species in Figure 4.2 for r = 0b and also accounts for the contribution of the tip and
substrate geometries to the electrochemical signal. Data from many 1·2PF6 microspots
were fit to this curve, and the experimental responses (after background subtraction to
provide the changes in the peak intensities) were adjusted to the main curve by the
choice of D in the normalized time axis (eq 3).98 An excellent agreement to the
simulation was observed over the steep region of the curve (τ < 1). Averaging these
data yields D = 1.6 (± 0.9) × 10−9 cm2/s, a value fully consistent with surface
diffusion. Differences between graphene substrates may occur because of
heterogeneous distribution of defects, grain boundaries, and inconsistencies in
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transferring graphene to the Si/SiO2 support (e.g., presence of nanometer-scale
ripples). Nonetheless, all samples display surface diffusion values within the same
order of magnitude.
A variety of control experiments support our interpretation of the above data as
the diffusion of 1·2PF6 on the SLG surface and preclude many plausible alternative
explanations. Stirring the solution between experiments did not appreciably change the
SECM response except for small changes in the graphene background current. This
indicates that convective transport of the adsorbed tripod does not contribute
significantly to the decrease in the activity of the microspots. In addition, an oxygen
depletion effect cannot account for the observed decrease in the activity of the
microspot, because the SECM was also open to air saturation throughout the
experiment. We also confirmed that the SLG remains stable under the experimental
conditions and potentials for long periods of time. For example, even at a higher
overpotential (ES = −1.0 V vs Ag/AgCl) than was used above, an SLG microelectrode
consisting of graphene surrounded by cured photoresist exhibits only a ± 2.5% current
variation over a period of 8000 s (Appendix Figure A3.10). Next, we designed an
experiment to interrupt the diffusion of 1·2PF6 on the SLG surface. In this situation,
no decrease of its electrochemical response over time would be expected. Figure
4.8A−D shows a progression of images of a 1·2PF6 microspot on an SLG electrode
treated with an electroactive thin layer of poly(vinylpyridine) / poly(vinylferrocene)
(PVP/PVF) so as to disrupt the mobility of the tripod on the surface without damaging
the SLG. The presence of the polymer is confirmed by its electrochemical response
(Figure 4.8E, process 2 and 2′), in addition to the 1·2PF6 signal (process 1 and 1′).
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Figure 4.8. Representative SECM H2O2 substrate generation/tip collection images for a
1·2PF6 microspot (∼100 pmol/cm2, b ≈ 40 μm) on a surface disrupted SLG electrode. The
graphene was pretreated with a 0.1 mg/mL ethanolic solution of PVP/PVF copolymer 2:1 to a
final coverage of ∼90 pmol/cm2 of ferrocene redox centers. Images A−D were obtained at the
indicated times. H2O2 collection at the SECM tip (a = 12.5 μm Pt, RG ≈ 7) was performed at ET
= 0.6 V vs Ag/AgCl, interelectrode distance d = 10 μm, and ES = −0.6 V vs Ag/AgCl. The
surface potential was held at ES throughout the experiment except for image D. (E) Cyclic
voltammogram showing adsorption of PVP/PVF and tripod spots (from the entire array), ν =
100 mV/s. (F) Plot of background subtracted collection currents, normalized to the average
measured current vs time (<16,000 s).
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Although H2O2 collection measurements over a 1·2PF6 microspot show some
variability in their electrochemical response over 43,000 s (Figure 4.8F), no clear
decreasing trend in activity is observed, in contrast to the continuous decrease in
activity of the microspots observed in the absence of the PVP/PVF diffusion barrier
(compare to Figure 4.7). The presence of the co-adsorbed PVP/PVF polymer
introduces a physical barrier ≈ 5−10 nm high over lengths of hundreds of micrometers
(Appendix Figure A3.11) where 1·2PF6 is unlikely to traverse or displace the
adsorbed polymeric units. This prevents mass transfer diffusion of 1·2PF6 out of its
initial confinement, although individual molecules may still preserve mobility within
much smaller domains. Taken together, the above control experiments strongly
suggest that surface diffusion is the main mechanism for the observed decrease in the
analytical signal of 1·2PF6 microspots on SLG.
Feedback Experiments. The H2O2 collection experiments described above
measure the activity of the underlying surface indirectly by detecting the product of an
electrocatalytic reaction at the SECM tip. We also probed the activity of 1·2PF6 at the
SLG surface more directly using the feedback mode of SECM (Figure 4.9A). In this
experiment, a dissolved redox mediator is used to continuously generate, at steady
state, a reactive species at the SECM tip. The tip is moved toward the surface to a
distance comparable to that of its active microdisk (described by the normalized
distance L = d/a where d is the tip−substrate distance), and the reactive form of the
mediator diffuses to the substrate, which is typically biased to a potential where it can
perform the reverse of the reaction occurring at the tip.33 For example, if the SECM tip
reduces the soluble redox mediator, the mediator is regenerated by oxidation at the
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Figure 4.9. Use of SECM feedback for the detection of adsorbed, activated Co(III) tripod at
graphene using a Fe(II/III) mediator couple. (A) Schematic of the use of SECM feedback to
detect the Co(III) oxidation state of the tripodal compound adsorbed on graphene. The reduced
Fe(II) complex reacts more quickly with the Co(III) tripod than the unfunctionalized SLG
substrate. (B) Approach curves on HOPG with increasing coverages of adsorbed 1·2PF6 (as
indicated) in a potassium ferricyanide (1.65 mM) phosphate buffer solution (0.2 M, pH 7); ES
= 0.4 V vs Ag/AgCl, ET = −0.1 V vs Ag/ AgCl. The SECM tip had a = 12.5 μm Pt with RG ≈
7. Solid lines based on theory for heterogeneous kinetics (rates shown in Supplementary
Figure A3.12).

bulk substrate electrode. For typical conductive substrates, such as metal electrodes
and glassy carbon, most electrochemically reversible mediators react rapidly at the
surface. In this situation, the current read at the SECM tip increases at distances L < 1
because the mass transfer coefficient of the redox mediator increases as the tipsubstrate separation decreases, a phenomenon known as positive feedback. In contrast,
an insulating or inactive surface causes the tip current to decrease as the tip
approaches the surface, a negative feedback effect. Furthermore, the kinetics of
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electron transfer between the electrodes and the redox mediator may be evaluated
within the context of these two feedback regimes. Although SLG is highly conductive
over its basal plane, its rate of interfacial charge transfer to the Fe(II/III) complex
ferro/ferricyanide is expected to be similar to that of HOPG. Adsorbed 1·2PF6
increases the electrochemical activity of the SLG electrode (see below), and this
differential reactivity between functionalized and nonfunctionalized SLG provides
contrast in the SECM measurement that allows the surface diffusion of the tripodal
binding motif to be measured.
Figure 4.9B shows approach curves (i.e., steady-state current vs L curves, from
which the value of the heterogeneous charge transfer rate constant can be extracted)
generated using the ferri/ferrocyanide Fe(CN)6 3−/4− couple (E0 = 0.16 V vs Ag/ AgCl)
as the soluble redox mediator and an HOPG bulk electrode at a constant ES = 0.4 V vs
Ag/AgCl. Under these conditions noble metal substrates (e.g., Pt and Au) would show
almost complete positive feedback, but the approach curve for the unfunctionalized
HOPG electrode (Figure 4.9B, red) indicates negative feedback-like behavior with a
small yet measurable charge transfer rate constant. The slow rate of electron transfer
between ferri / ferrocyanide and HOPG electrodes is well-known17,18 and is
attributable to the low density of states on the material relative to metallic electrodes,
99

effects of the self-exchange rate constants of the mediator,89 and effects of

oxygenated defects.90 The approach curves for HOPG electrodes functionalized with
1·2PF6 show a clear increase in the rate of charge transfer for the ferrocyanide
mediator (Figure 4.9B), as reflected by the higher currents observed at smaller
tip/sample distances (L) and by their characteristic shape in this intermediate kinetic

153

regime. A linear relationship between the heterogeneous electron transfer rate constant
and the tripod surface concentration (Appendix Figure A3.12) was observed,
corresponding to a second order electron transfer rate constant kex = 1.6 × 108 mol−1
cm3 s−1 between the Co(III) tripod and Fe(CN)6

4–

. Although higher exchange rate

constants have been observed for highly electrochemically reversible systems (≈1010
mol−1 cm3 s−1),84 this value is similar to that measured for electron transfer between
the iron active site of cytochrome c and ferricyanide (kex = 2 × 108 mol−1 cm3 s−1)85
and exceeds that of complex oxide reduction mechanisms involving additional proton
transfers (kex < 1 × 108 mol−1 cm3 s−1).91 It is also likely that the relatively low kex value
also reflects the low self-exchange rate constant for Co(II/III) terpyridine and
bipyridine couples.70−73 Nevertheless, the increased electrochemical activity of the
bulk electrode upon adsorption of 1·2PF6 provides a means to characterize molecular
diffusion by measuring the time dependence of the feedback current obtained over
1·2PF6 microspots.
Figure 4.10 shows a progression of feedback images for a 1·2PF6 microspot (b
≈ 15 μm) deposited on graphene with the substrate potential held at ES = 0.4 V vs
Ag/AgCl and interrogated using tip generated Fe(CN)6

4−

in phosphate buffer. A

decrease in the peak intensity of the feedback current with respect to time was
observed, similar to the trend observed in the H2O2 collection experiments. A small
increase in the electrochemical activity of the surrounding SLG was also observed
over the course of the experiment. We attribute this increase to the diffusion of 1·2PF6
from the microspots into the surrounding unfunctionalized area of the SLG, although it
is difficult to deconvolve this small change from other sources of background drift.
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Figure 4.10. Progression of SECM feedback images for a representative 1·2PF6 microspot
(≈140 pmol/cm2, b = 15 μm) on SLG. The experiment used a potassium ferricyanide mediator
(2 mM) in phosphate buffer (0.2 M, pH = 7). Images A−D were obtained at the indicated
times. The SECM tip was a = 12.5 μm Pt, RG ≈ 7 with an interelectrode distance d = 10 μm.
Feedback was carried out at ET = −0.1 V vs Ag/AgCl and ES = 0.4 V vs Ag/AgCl. The
substrate potential was held at ES throughout the experiment.

We also observed similar behavior at a larger microspot (Appendix Figure
A3.13) and performed control experiments to support our interpretation of the
feedback measurments. First, images obtained at open circuit (Appendix Figure
A3.13), at which the Co(III) species is not deliberately formed on the SLG surface,
show almost no difference in the feedback current as compared to unfunctionalized
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graphene. The stability of the SLG electrode at oxidizing potentials was also
confirmed by measuring the average collection current associated with generating the
hydroxymethylferricenium ion (ES = 0.4 V vs Ag/AgCl) over a period of 6,000 s.
These collection currents varied up to ±8%, but no degrading trend for the electrode
was observed (Appendix Figure A3.14). Furthermore, no significant formation of
oxygenated defects on the SLG is expected at the potentials used for these
measurements.22 It was also possible to detect the 1·2PF6 microspots using other Fe
redox mediators, such as FeEDTA (E0 = −0.08 V vs Ag/ AgCl, Appendix Figure
A3.15). The use of Fe(II/ III)EDTA was not pursued further because it would require
that these time-sensitive measurements be performed in an inert atmosphere.
The peak feedback currents measured at the center of the microspot were fit to
a diffusion model (Figure 4.11) whose input parameters included the measured
exchange rate between the adsorbed Co(III) complex and Fe(CN)6

4‑

, the initial

surface concentration of 1·2PF6, and the charge transfer rate constant of the
unfunctionalized SLG electrode (see Appendix). Two microspot sizes (15 and 50 μm
diameter) were analyzed to confirm the model’s applicability. The diffusion
coefficient obtained by fitting the absolute feedback measurements (Deff = 1.5 (± 0.6) ×
10−9 cm2/s) is in good agreement with that derived from the H2O2 collection
measurements (Deff = 1.6 (±0.9) × 10−9 cm2/s). Finally, the improved lateral resolution
of feedback measurements enabled further inspection of the electrochemical response
of the SLG surface away from the center of the 1·2PF6 microspots, which provide
further qualitative confirmation of our surface diffusion model.
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Figure 4.11. Comparison of simulation and experiment for ferrocyanide feedback
experiments performed over the center of 1·2PF6 microspots (140 pmol/cm2, r = 0). The
experimental data were fitted to simulation by the choice of D (implicit in τ) as explained in
the text. Conditions as in Figure 4.10. The simulations assume a Co(III)- ferrocyanide
exchange constant kex of 1.6 × 108 mol/cm3s and an SLG background constant kback of 0.8 ×
10−3 cm/s. The simulated D for ferri/ferrocyanide was 7.2 × 10−6 cm2/s for both forms of the
redox pair. Two sets of data are shown, one for microspots b ≈ 15 μm (red circles and blue
squares) and another for b ≈ 50 μm. (purple triangles). The first point of each experimental
series was obtained at a higher tip scan rate (see Experimental Section) and may reflect some
advective effects.

We compared the results of three-dimensional simulations (Appendix Figure
A3.16), in which a nonuniform surface concentration profile is translated into a tip
response, to the experimental lateral tip currents from the experiment shown in Figure
4.10. A reasonable agreement between simulation and experiment was obtained,
which reproduces the concurrent decrease of the peak response, close to the center of
the microspot, and increased response in the surrounding graphene material associated
with diffusion of the tripods from the microspots. Although the SECM tip size is not
necessarily optimal for this analysis, these simulations do confirm that the broadening
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of the signal at longer times is a much less sensitive measure of diffusion than the
decrease in the peak intensity of the microspot (see above).
The similarity of the surface diffusion values obtained from either G/C or
feedback measurements is remarkable, considering the fundamental mechanistic
differences, as well as the ≈1 V difference in substrate potential, associated with the
two experiments. The potential of zero charge (PZC) of the basal plane of HOPG has
been reported89 to be ≈ −0.2 V vs Ag/AgCl and recent charge carrier measurements on
solution-gated graphene field effect transistors show a minimum conductivity, carrier
concentration, and shift in carrier entity at ≈ −0.4 V vs Ag/AgCl,14 which might be
closely related to the PZC of graphene. The substrate potentials employed in our
studies lie on either side of these values, suggesting that the diffusion of the tripodal
binding motif is relatively insensitive to excess charge from adsorbed ions at the
graphene/solution interface. Thus, the rate of tripod diffusion might instead be limited
by solvent displacement processes or by decreased mobility at graphene defects and
edges. The description of these effects lies outside the scope of this manuscript, but
their further study is relevant for designing new mobile adsorbates on SLG and other
technologically relevant surfaces.
This study represents a macroscopic approach to measuring the diffusion
coefficient of the tripodal compounds on SLG and provides an effective value that
applies over large distances and times, similar to those obtained by fluorescence in
FRAP experiments. These values are distinct from those obtained through single
molecule experiments.49 We have not yet considered the effects of the surface
roughness on the response. Scanning probe experiments have found that graphene
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transferred onto SiO2 partially adapts to the morphology of the underlying substrate,100
with root-mean-square roughness of ≈ 3 nm over 100 μm2. This roughness is
approximately three to four times the graphene layer thickness of 0.8 nm101 and is less
pronounced in high-quality HOPG.102 This difference in surface roughness is one
explanation for the larger surface diffusion coefficient for HOPG shown in Figure 4.7.
Reduced diffusion along defects and grain boundaries in our SLG samples103 may also
reduce the measured effective diffusion coefficients. However, it has been observed
that favorable π- stacking interactions are relatively insensitive to these features,
including steps in single to bilayer graphene.43 1·2PF6 is designed to adsorb onto the
pristine sp2 surface of graphene, unlike other aromatic molecules that prefer
adsorption at defects on HOPG.104 However, we cannot discount that favorable
interactions between defects and the tripod could account for slowing down its surface
mobility. The value obtained here is also at least three orders of magnitude lower than
that computationally predicted in vacuum for adsorbed aromatics,105,106 although this
discrepancy can be explained by the lack of description of ion and solvent
displacement in such theoretical treatments. Intuitively, the obtained value fits well a
middle region between diffusion in solution and in solids.
4.5

Conclusions
Scanning electrochemical microscopy was used to detect the activity and

quantify the surface diffusion of tripodal compound 1·2PF6 adsorbed onto SLG and
the basal plane of HOPG using two complementary methods. The first method used
the substrate generation/tip collection (G/C) mode of SECM to exploit the
electrocatalytic properties of the adsorbed tripod, which produced larger amounts of
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H2O2 than the bare graphene surface in the oxygen reduction reaction. A second
method used the feedback mode, in which the tripod mediates the oxidation of
ferrocyanide produced at the tip faster than the bare graphene electrode. For each
measurement, the increased electrochemical activity of the adsorbed molecules
relative to the SLG electrode provided sufficient contrast to image microspots of the
tripodal molecules with spatial and temporal resolution. We attribute the decreased
electrochemical response of the tripodal microspots over time to diffusion of the
molecules onto the unfunctionalized regions of the SLG electrode. A framework for
describing this diffusion in terms of the decrease of the peak intensity of the
microspots due to radial dilution, as detected by SECM, was successfully
implemented. The two imaging strategies yielded similar values of the macroscopic
surface diffusion (Deff) of the tripod on the graphene surface: Deff = 1.6 (±0.9) × 10−9
cm2/s at ES = −0.6 V vs Ag/AgCl and Deff = 1.5 (±0.6) × 10−9 cm2/s at ES = 0.4 V vs
Ag/AgCl for G/C and feedback modes, respectively. Control experiments, in which
the stability of graphene was tested, as well as experiments in which the mobility of
the tripodal molecules was disrupted by coadsorption of a polymer, strongly support
our surface diffusion hypothesis. The development of an SECM-based technique for
quantifying molecular surface diffusion on electrodes, specifically on graphene as a
model carbon surface, is an important addition to the understanding and control of
molecular electrocatalysis for sensing and energy conversion systems. It also presents
interesting possibilities in the field of molecular electronics, where the coupling of the
unique electronic and mechanical properties of graphene together with its surface mass
transfer properties can now be studied and quantitatively described. We are currently
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working to image graphene using SECM at higher resolution in order to describe this
material and its interactions in better detail. For instance, we hope to explore the
impact of grain boundaries, single crystallites (ranging from a few to tens of
micrometers), reactive defects, and heteroatom substitutions on the electrochemical
reactivity of this promising material.
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A.Graphene growth
CVD Graphene. The CVD graphene was fabricated according to literature
procedures1,2 and was grown on Cu foil. Copper foils were treated with acetone (10 s),
water, glacial acetic acid (10 min), water (deionized), acetone (10 s), and isopropanol
(10 s) before growth. The Cu foil was then loaded in a quartz tube in a tube furnace.
The system was pumped down to 8.0 × 10-5 torr. After reaching base pressure, 6 sccm
of H2 (99.999%, Airgas) were flowed. Then the system was heated at 1000 °C for 10
min followed by 157.5 sccm of CH4 (99.999%, Airgas) for 13 min and then let to cool
down to room temperature. For support during graphene transfer, 8% PMMA in
anisole (NanoTM 495 PMMA series resists in anisole, MicroChem) was spin coated on
graphene at 4000 RPM for 60 sec. The Cu-graphene-PMMA was then floated on a
ferric chloride etch solution (CE-100 grade, Transene Company) to remove the Cu.
The graphene-PMMA membrane was transferred into fresh DI water 6 times to
remove the residual impurities. Finally, the membrane was scooped out of DI water
with a piece of plasma-cleaned Si/SiO2 substrate (SiO2 thickness 300 nm, prime grade,
Silicon Quest International). The chip was blow-dried using N2 (99.999%, Airgas). To
remove the PMMA, the chip was soaked in anisole (2 h), dichloromethane:acetone
(1:1, 4 h), and isopropanol (2 h), then blow-dried again. The quality of the graphene
was characterized using a Renishaw InVia Confocal Raman microscope (Renishaw,
Gloucestershire, UK) with a 488 nm laser. A typical Raman spectrum of the SLG
used, shown in Figure A3.1, shows the expected characteristics for single layer
graphene of the desired quality on Si/SiO2: the ratio of the G band peak (~ 1585 cm-1)
to 2D band peak (~ 2697 cm-1), I(G)/I(2D) < 0.5, a relatively small D band (~ 1350
cm-1) and a narrow, single Lorentzian-like 2D band (FWHM 33 cm-1).2-4 Graphene
microelectrodes for control and supporting experiments were fabricated as follows:
Al2O3 (1000 Å, CVC SC4500 e-gun evaporator) and Parylene (~500nm, PDS 2010
Labcoter deposition system, Specialty Coating Systems, Indianapolis, IN) were
evaporated on the entire graphene surface to prevent contamination. A layer of p20
was spin casted to remove the moisture on the substrate followed by a layer of photo
resist (microposit S1813, Dow Chemical Company) for patterning. A hole of 15µm or
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50 µm in radius was patterned upon UV exposure for 7.5 s using a contact aligner
(ABM, Inc., San Jose, CA). To expose the graphene, parylene was removed using
oxygen plasma (5 min., Oxford PlasmaLab 80+ RIE System, Oxford Instruments,
Oxfordshire, UK) and the Al2O3 was removed using AZ 726MIF developer (AZ
Electronic Materials USA Corp., Branchburg, NJ). Finally, the photo resist was
removed using Shipley microposit remover (1165, Dow Chemical Company).
Electric contacts to graphene electrodes were made by either direct contact of a
small piece of indium to the edge of the graphene sheet (which is visible on the SiO2
substrate) followed by contact to conductive copper tape (Saint-Gobain performance
plastics) or by depositing gold contacts to which copper tape could be attached. For
the deposition of gold, 20Å of Ti (99.995%, Kurt J. Lesker Company) were
evaporated onto one end of the single-layer graphene electrode as an adhesion layer
followed by 1000 Å of Au (99.999%, Kurt J. Lesker Company) for contacts using a
CVC SC4500 e-gun evaporator. Either contact method is satisfactory except that the
gold contacts are more robust at the expense of an additional fabrication step.

Figure A3.1. Raman spectrum of typical single layer graphene used in the
electrochemical experiments described here.
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B. Additional Electrochemical Characterization.

Figure A3.2. Substrate generation / tip collection curves for hydrogen peroxide
generated during the oxygen reduction reaction at a macroelectrode in air-saturated 0.2
M phosphate buffer pH 7 for two samples of graphene; Graphene 2 shows the most
active electrode observed in terms of oxygen reduction onset potential and peroxide
output. Tip was a = 12.5 µm Pt, RG ~ 7 and collection was carried out at ET = 0.6 V
vs. Ag/AgCl and interelectrode distance d = 10 µm. Linear sweep at the substrate was
carried out at 10 mV/s.
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Figure A3.3. Substrate generation / tip collection curves for hydrogen peroxide
generated during the oxygen reduction reaction at a macroelectrode in air-saturated 0.2
M phosphate buffer pH 7 for glassy carbon; Tip was a = 12.5 µm Pt, RG ~ 7 and
collection was carried out at ET = 0.6 V vs. Ag/AgCl and interelectrode distance d =
10 µm. Linear sweep at the substrate was carried out at 10 mV/s.

Figure A3.4. Hydrogen peroxide quantification at steady state on a b = 50 µm
graphene microelectrode before and after exposure to 5 µM tripod solution in THF
followed by thorough cell rinsing. Quantification was done according to the method
proposed in Ref. 76 in the main text: The SECM tip (a = 12.5 µm Pt, RG ~ 7) was
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coaligned to the graphene microelectrode using hydroxymethylferrocene as mediator
and the collection efficiency of the system verified. Peroxide measurements done with
ET = 0.6 V vs. Ag/AgCl and interelectrode distance d = 10 µm. Inset shows the bare
graphene current as a function of the diffusion limited current attainable if assuming a
4-electron route (~28 nA for the electrode used) for oxygen reduction.

Figure A3.5. Typical hydrogen peroxide background observed on bare graphene. Tip
was a = 12.5 µm diameter Pt, RG ~ 7 and collection was carried out at ET = 0.6 V vs.
Ag/AgCl and ES = -0.6 V vs. Ag/AgCl; interelectrode distance d = 10 µm.

Figure A3.6. Hydrogen peroxide linescan observed on a glassy carbon electrode with
tripod microspots deposited onto it. Tip was a = 12.5 µm diameter Pt, RG ~ 7 and
collection was carried out at ET = 0.6 V vs. Ag/AgCl and ES = -0.6 V vs. Ag/AgCl;
interelectrode distance d = 10 µm.
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Figure A3.7. Progression of SECM hydrogen peroxide substrate generation / tip
collection images for a representative tripod microspot on graphene, b = 50 µm.
Images (A) to (D) obtained at indicated times. Tip was a = 12.5 µm diameter Pt, RG ~
7 and collection was carried out at ET = 0.6 V vs. Ag/AgCl and ES = -0.6 V vs.
Ag/AgCl; interelectrode distance d = 10 µm. Tripod was deposited in sufficient
amount to yield ~ 100 pmol/cm2. Potential held at ES throughout the experiment.
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Figure A3.8. Progression of SECM hydrogen peroxide substrate generation / tip
collection images for a microfabricated graphene electrode, b = 15 µm. Images (A) to
(C) obtained at indicated times. Tip was a = 12.5 µm diameter Pt, RG ~ 7 and
collection was carried out at ET = 0.6 V vs. Ag/AgCl and ES = -1.0 V vs. Ag/AgCl;
interelectrode distance d = 10 µm. Potential held at ES throughout the experiment. (D)
Plot of background subtracted peak collection currents, normalized to the average
measured current vs. time.
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Figure A3.9. Estimation of the exchange rate constant between the 1· 2PF6 tripod and
ferrocyanide. kex for the approach curves presented in Figure 4.9 in the main text. At
complete activation of the tripod to Co(III), the pseudo-first order electrochemical rate
constant can be written as kel = kex Γ, where a linear plot of kel with respect to Γ should
give a line with slope kex. Estimated kex = 1.6 × 108 mol/cm3s.
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Figure A3.10. Progression of SECM feedback images for a representative tripod
microspot on graphene, b = 50 µm using 2 mM potassium ferricyanide as mediator in
0.2 M phosphate buffer pH 7. Images (A) to (C) obtained at indicated times. Tip was a
= 12.5 µm Pt, RG ~ 7 and feedback was carried out at ET = -0.1 V vs. Ag/AgCl and ES
= 0.4 V vs. Ag/AgCl; interelectrode distance d = 10 µm. Image (D) obtained with
substrate at open circuit under similar conditions to image (B). Tripod was deposited
in sufficient amount to yield ~ 140 pmol/cm2. Potential held at ES throughout the
experiment except for Figure (D).

180

Figure A3.11. Progression of SECM hydroxymethylferrocenium substrate generation
/ tip collection images for a microfabricated graphene electrode, b = 15 µm. Images
(A) to (C) obtained at indicated times. Tip was a = 12.5 µm diameter Pt, RG ~ 7 and
collection was carried out at ET = 0.1 V vs. Ag/AgCl and ES = 0.4 V vs. Ag/AgCl;
interelectrode distance d = 10 µm. Potential held at ES throughout the experiment. (D)
Plot of peak collection currents, normalized to the average measured current vs. time.
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Figure A3.12. SECM feedback image for a representative tripod microspot on
graphene, b = 50 µm using 1 mM FeEDTA as mediator in 0.2 M phosphate buffer pH
7; deareated solution with constant nitrogen flow. Tip was a = 12.5 µm Pt, RG ~ 7 and
feedback was carried out at ET = -0.5 V vs. Ag/AgCl and ES = 0.4 V vs. Ag/AgCl;
interelectrode distance d = 10 µm. Tripod was deposited in sufficient amount to yield
~ 140 pmol/cm2.
C. Digital simulations
Computer simulations were run using the COMSOL Multiphysics v3.5a
software, which uses the finite element method to solve the diffusive and kinetic
problem coupled to the geometry required to model the SECM response. Two
simulation models were used depending on the geometric constraints of the problem.
For the description of the changes in SECM signal at the center of the tripod
microspots, the geometry and conditions shown in Figure A3.13 were used. An
additional simulation was constructed to describe the feedback response of the tip
when scanned over different lateral positions along x (radial coordinate r on a
microspot); this 3-D simulation is shown in Figure A3.14.
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General description of the 2D SECM -1D surface simulation
When the cylindrical SECM tip and the circular microspot are co-aligned, it is
possible to model the system using an axis of symmetry as shown in Figure A3.13,
which also describes the initial conditions for tripod surface concentration, ΓT. Tripod
Fickian diffusion was modeled as shown in equation S1:

∂Γ T
= DT ∇ 2 Γ T
∂t

(S1)

where DT represents the diffusion coefficient of the tripod on the surface. The
model does not take into account changes in DT with respect to ΓT or any other
dependency. All simulations were performed on transient mode, to describe the tip
signal changes as diffusion occurs at the substrate. For the results shown in Figure 2 in
the main text where the tripod surface concentration profiles described, only the axial
1-D component of this simulation was used under the following conditions: 1 × 10-4
cm2/s > DT > 1 × 10-16 cm2/s, 1 × 10-3 m > b > 1 × 10-9 m and their respective times
such that the normalized time (equation 3 in the main text) 5 > τ > 0. These values
were tested to conform to the main curves shown in Figure 2 in the main text, which
they respect for concentrations ΓT / ΓT,0 > 0.01 with no more than 1% discrepancy
between radically different conditions. To allow for sufficient space for the
establishment of semi-infinite conditions, m = 20 b as shown in Figure A3.13 for the
1-D geometry.

Surface diffusion simulations were coupled to the collection and

feedback approaches that follow.
Substrate generation / tip collection simulations
For the simulation of hydrogen peroxide collection, a simple model based on
the reaction of molecule A (e.g. oxygen), initially present in the bulk of the solution, to
B (e.g.hydrogen peroxide) produced at the graphene surface was done; the diffusion of
these species was modeled using equation S1 applied to them. In Figure A3.13,
species A and B are only present in the 2-D representation, while the tripod is present
only in the 1-D representation. The production of B was modeled as shown in equation
S2, where the outward flux of B into the 2-D subdomain was calibrated by adequate
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choice of the reaction constant khet. This parameter was chosen such that at the initial
(i.e. maximum) tripod concentration ΓT,0, no more than 10% of the maximum
collection efficiency at the tip was reached (close to the experimental conditions); this
imposed a kinetic control where the activity of the surface is dependent on the
concentration of tripod at any given point. The rate of reaction is linear with respect to
the tripod concentration. The tip reaction collects B and regenerates A (H2O2 oxidation
to O2) as shown in equation S3, where kcoll is large enough to maintain a zero B
concentration at the surface of the tip microdisk. The boundary conditions in Figure
A3.13 are shown in table S1.

− J A = J B = k het Γ T A
J A = − J B = k coll B

S2
S3

Boundary / Species T
A
B
T* = 0
A* = 1 mM
B* = 0
i (bulk)
-Insulation
Insulation
ii
-Flux,
eq.
S3
Flux,
eq. S3
iii
Axial symmetry Axial symmetry Axial symmetry
iv
Continuity
--v
Flux, eq. S2
Flux, eq. S2
T(τ)
Projected substrate
Table A3.1. Boundary conditions for substrate generation / tip collection model of
A/B system.
The projected substrate in Table A3.1 and indicated in Figure A3.13 was modeled in
the COMSOL simulation using the concentrations of T, A and B as projected coupling
variables. Two constraints are important in order to collapse the simulations results to
a master curve (Figure 4.2 in the main text) and to fit the experimental data. First, DT
<< DA, DB in such a way that changes in the surface are adequately reflected by the
diffusing B species. For these simulations, a value DA = DB = 1 × 10-5 cm2/s and the
minimum tested value for the tripod was DT = 1 × 10-6 cm2/s (~ 1000 times larger
than the one obtained experimentally). For larger values of DT, a different SECM
would have to be pursued. Seconly, the collection efficiency and distribution of the
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species generated at the substrate will change importantly with the ratio a/b; we solved
this experimentally by choosing strictly spots where b ~ 50 µm, such that all
simulations used to validate the master curve in Figure 7 in the main text were
obtained with rg = 7a, a = 12.5 µm and b = 50 µm, as defined in Figure A3.13. To
allow sufficient space for the establishment of semi-infinite conditions, m = 20 b and n
= 10 b; d = 10 µm in all experiments and simulations.
Feedback simulations
For the simulation of ferri/ferrocyanide feedback, the initially present
ferricyanide species, A, reacted at the microdisk of the tip to produce ferrocyanide, B,
at a diffusion limited rate and at steady state; the diffusion of these species was
modeled using equation S1 applied to them. In Figure A3.13, species A and B are only
present in the 2-D representation, while the tripod is present only in the 1-D
representation. Species B produced at the tip diffuses to the substrate where it reacts
with the tripod and regenerates A through a second order process with constant kex =
1.6 × 108 mol/cm3s. We assumed that electron transfer from the electro to the tripod
species is fast, such that it is unnecessary to specify the oxidation state of the tripod,
instead, the rate of formation of A (and consumption of B) at the substrate is given in
equation S4, where an electrochemical background term with constant kback= 0.8 × 10-3
cm/s was also used as experimentally determined at ES = 0.4 V vs. Ag/AgCl on
graphene. The rate of reaction is linear with respect to the tripod concentration. Table
A3.2 shows all boundary conditions used according to the geometry in Figure A3.13.

J A = − J B = k ex Γ T B + k back B

S4

Boundary / Species T
A
B
T* = 0
A* = 2 mM
B* = 0
i (bulk)
-Insulation
Insulation
ii
-A=0
B = 2 mM
iii
Axial symmetry Axial symmetry Axial symmetry
iv
Continuity
--v
Flux,
eq.
S4
Flux,
eq. S4
T(τ)
Projected substrate
Table A3.2. Boundary conditions for feedback model of A/B system in 1-D/2-D
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The projected substrate in table S2 and indicated in Figure A3.13 was modeled
in the COMSOL simulation using the concentrations of T, A and B as projected
coupling variables. The discussion done for the collection experiments with respect to
the relative values of the tripod and mediator diffusion coefficients is applicable in
there also. For the ferri/ferrocyanide system a value DA = DB = 7.2 × 10-6 cm2/s and
the minimum tested value for the tripod was DT = 1 × 10-6 cm2/s (~ 1000 times larger
than the one obtained experimentally). We simulated two sizes of microspots, as
shown in Figure 11 in the main text with rg = 7a, a = 12.5 µm and the micrsopot
radius either b = 50 µm or b = 15 µm , as defined in Figure A3.13. To allow sufficient
space for the establishment of semi-infinite conditions, m = 20 b and n = 10 b; d = 10
µm in all experiments and simulations. Feedback results are presented in terms of the
normalized tip current iT divided by the tip current in the bulk solution, iT,inf which was
obtained both experimentally and in the simulation by making d > 500 µm. An initial
tripod concentration for these simulations was ΓT,0 = 140 pmol/cm2.
3-D feedback simulations
The feedback approach discussed in the previous section was used to obtain 3D simulations where the tip current was obtained as a function of the lateral
displacement on the x coordinate (i.e. r in the 1-D/2-D simulations) as shown in Figure
A3.14 for a microspot with b = 15 µm. Table S3 shows the boundary conditions used
in this geometry, with all other conditions kept equal to the previous section.

Boundary / Species T
-i (bulk)
-ii
-iii
Continuity
iv
T* = 0
v (bulk)
T(τ)
Projected substrate

A

B
A* = 2 mM
Insulation
A=0
--Flux, eq. S4

B* = 0
Insulation
B = 2 mM
--Flux, eq. S4

Table A3.3. Boundary conditions for feedback model of A/B system in 2-D/3-D.
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Figure A3.13. Geometry, initial tripod conditions and boundary designation for the 1D/2-D framework used for substrate generation / tip collection and feedback
experiments. All geometric elements were kept fixed in the simulations.

Figure A3.14. Geometry, initial tripod conditions and boundary designation for the 2D/3-D framework used for feedback experiments. The tip and microdisk geometries
were displaced in the x coordinate to obtain feedback readings at different lateral
positions in increments of 5 µm.
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Tip currents
All SECM tip currents were obtained by integrating the flux of the reacting
species at the microdisk boundary. Equations S5, S6 and S7 were used for the
generation/collection, 2-D feedback and 3-D feedback approaches respectively, where
F = 96 485 C/mol :

iT = 2πFDB ∫

a

0

iT = 2πFD A ∫

a

0

∂B( z = d )
rdr
∂z

(S5)

∂A( z = d )
rdr
∂z

(S6)

∂A( z = d )
dxdy
iii
∂z

iT = FD A ∫∫

(S7)

D. References
1. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.;
Jung, I.; Tutuc, E.; Banerjee, S.K.; Colombo, L.; Ruoff, R.S. Science, 2009, 324,
1312-1314.
2. Lee, D.S.; Riedl, C.; Krauss, B.; von Klitzing, K.; Starke, U.; Smet, J.H. Nano Lett.
2008, 8, 4320-4325.
3.Wang, Y.Y.; Ni, Z.H.; Yu, T.; Shen, Z.X.; Wang, H.M.; Wu, Y.H.; Chen, W.; Wee,
A.T.S. J. Phys. Chem. C 2008, 112, 10637-10640.
4.Casiraghi, C.; Pisana, S.; Novoselov, K. S.; Geim, A. K.; Ferrari, A. C. Appl. Phys.
Lett. 2007, 91, 233108.

188

CHAPTER FIVE
PRESERVATION OF ANTIBODY SELECTIVITY ON GRAPHENE BY
CONJUGATION TO A TRIPOD MONOLAYER
5.1

Introduction
Interfacing biomolecules and cells to electronic materials is a longstanding

challenge to manufacturing sensitive biosensors and inexpensive diagnostic devices.[1]
Single layer graphene (SLG) has emerged as a promising material for this purpose
because of its transparency, conductivity, robust mechanical properties, and high surface
area.[2] Recent developments in its synthesis using chemical vapor deposition methods[3]
provide large-area, high quality SLG that is easily transferred to a variety of substrates.
For example, SLG supported on reconstituted silk formed the basis of a wireless
biosensor that was adsorbed onto tooth enamel and detected pathogens in saliva.[4] The
function and specificity of such biosensors relies on assembling active recognition
elements on the SLG surface, ideally through noncovalent interactions that preserve its
superior electronic properties.
Noncovalent functionalization strategies to attach biomolecules to SLG are therefore of
significant interest. Small peptides and nucleic acids bind to graphene and have been used
to detect proteins,[5, 6] polynucleotides,[7] changes in pH,[8] nanoparticles,[9] and cells.[4] In
contrast, the activity and selectivity of proteins whose function relies on specific tertiary
or quaternary structure, including antibodies and enzymes, have not been demonstrated
unambiguously when they are adsorbed to SLG.[10, 11] Furthermore, significant
conformational changes of proteins adsorbed to SLG have been noted in both
experiments[12] and simulations,[13] as well as loss of function.[14] Here we demonstrate
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that an anti-E.coli antibody (aEAB) readily adsorbs onto SLG but loses its specific
recognition ability. In contrast, when the antibody is supported on a self-assembled
monolayer (SAM) of tripodal graphene binding molecules, it retains its ability to
recognize E. coli cells. The captured cells divide normally on the aEAB/tripod SAM and
form a biofilm on the SLG surface. These findings demonstrate the importance of
engineering the graphene-biomolecule interface in order to preserve protein function and
that multivalent binding motifs provide a solution to this challenge. The work described
in this chapter was performed in collaboration with Dr. Thomas Alava under the direction
of Prof. H. G. Craighead and Prof. W. R. Dichtel and was published in the Angewandte
Chemie International Edition (Mann, J. A.; Alava, T.; Craighead, H. G.; Dichtel, W. R.
Angew. Chem. Int. Ed. 2013, 52, 3177.)

5.2

Results and Discussion
The graphene-binding tripod 3 that we used for antibody conjugation is based on

a design we used in Chapters 2-4 to functionalize SLG with redox-active moieties.[15, 16]
Tripod 3 features a multivalent design in which three pyrene-SLG interactions provide
exceptional SAM stability in both aqueous and organic solvents. As discussed in
Chapters 2 and 3, electrochemical studies of redox-active tripods with identical binding
groups indicated self-limiting monolayer formation upon exposure to dilute tripod
solutions (µM concentration) and suggested that the tripods project their active
functionality away from the SLG surface.[16] For biofunctionalization experiments, 3
incorporates an N-hydroxysuccinimidyl (NHS) active ester, which has been used
extensively for protein conjugation at exposed lysine residues. The core of 3 was

190

established through a Sonogashira cross-coupling reaction between 4-bromoethyl
benzoate and triarylpropyne 1 (Figure 5.1). Subsequent demethylation using BBr3
provided the tris(phenol) derivative 2, onto which three pyrene moieties were
incorporated under Williamson etherification conditions. Finally, the ethyl ester was
saponified and subsequently elaborated to an NHS ester using a carbodiimide-mediated
esterification procedure to provide the NHS ester tripod 3. We also evaluated SAMs
comprised of pyrene butyrate NHS ester 4, which has been used extensively to
functionalize SLG,[6,

10]

graphene oxide,[17] and carbon nanotubes.[18] As a monovalent

pyrene binding group, 4 also serves to evaluate the importance of the multivalent tripodal
design for effective bioconjugation. Despite the frequent use of 4 for graphene
functionalization, the performance of aEAB conjugated to its SAMs suggests that
individual pyrene moieties do not prevent antibody denaturation on SLG (see below).

Figure 5.1. Synthesis of NHS-ester tripod 3 and structure of NHS-pyrene butyrate 4.
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We first compared the adsorption of aEAB onto pristine, pyrene-modified, and
tripod-modified SLG using a graphene-functionalized quartz crystal microbalance
(GQCM). Antibodies were chosen because of their importance in biosensors and because
they offer highly selective analyte binding specificity that relies on maintaining their
native conformation. Furthermore, E. coli is a relevant capture/immobilization target for
biosensors because it is a known foodborne pathogen. The QCM is a piezoelectric
mechanosensor whose resonant frequency is sensitive to changes in mass adsorbed on the
surface, and whose resistance is related to both deposition of mass and the type of
mechanical coupling between the surface and the adsorbed mass. The change in resonant
frequency (Δf) is related to mass of the antibody deposited on the quartz surface (Δm)
using the Sauerbrey equation, Δf = -Cf Δm, in which Cf is a constant dependent on the
quartz properties, 56.6 Hz·μg-1·cm2 for the 5 MHz AT-cut quartz used here.[19] All three
substrates (tripod- and pyrene-functionalized and bare GQCM) exhibit exponential
frequency decreases upon introduction of the aEAB and reach an equilibrium Δf ≈ -50 Hz
after 10 min, corresponding to approximately 20 pmol cm-2 of adsorbed antibody (Figure
5.1, Figure A4.18). There is little difference among the mass change traces for the
pyrene-functionalized, tripod-functionalized, and bare GQCM surfaces. After the
frequency stabilized, the cell was rinsed with blank PBS buffer for 25 min, which caused
almost no desorption of the antibody. Atomic force microscopy of each functionalized
graphene surface showed no evidence of aggregation (see Appendix).
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Figure 5.1. (A) GQCM trace showing the frequency (blue) and resistance (red) response to
the introduction of aEAB to a surface functionalized with a SAM of 3 and subsequent
introduction of E.coli. (B) The corresponding GQCM trace for aEAB adsorbed onto bare SLG.

As an additional control, we formed a monolayer of a tripod in which the NHS
ester had been displaced by ethanolamine (Appendix compound S3), thus lacking the
ability to form covalent bonds to aEAB. These monolayers showed reduced frequency
responses to antibody introduction compared to monolayers of 3, further suggesting that
covalent bond formation occurs between the antibody and 3 (see Appendix Figure
A4.18). Overall, these results indicate that similar amounts of aEAB are deposited on
NHS tripod-functionalized and bare SLG and that both types of antibody-graphene films
are stable to washing.

Figure 5.2. Cell count histograms for (A) aEAB on tripod SAMs of 3 (B) aEAB adsorbed on
monopod SAMs of 4 (C) aEAB adsorbed on bare SLG, and (D) aBSA conjugated to tripod SAMs
of 3.
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After aEAB film formation, E. coli cells that were resuspended in PBS buffer and
introduced to the GQCM induced an apparent increase in the frequency response, which
usually indicates a loss of mass from the surface. However, the resistance (ΔR) of the
GQCM simultaneously increased, which is inconsistent with this interpretation. We
attribute these observations to viscoelastic coupling between the bacterial cells and the
GQCM, a phenomenon that was noted previously for bacterial cell adsorption to a SAMmodified QCM.[20] Although it is possible in principle to quantify cell binding through
analysis of ΔR, such measurements require careful calibration and are quite susceptible to
environmental noise. We instead quantified E. Coli binding directly through fluorescence
microscopy of appropriately stained cells (Figure 5.2).
The bound E. coli cell density was determined for the following three antibodyfunctionalized graphene surfaces: aEAB on bare SLG, aEAB conjugated to pyrene
butyrate 4, and aEAB conjugated to tripod 3. We also performed two additional control
experiments: The first utilized a mismatched antibody, anti-bovine serum albumin
(aBSA), which does not recognize E. coli cells, conjugated to a SAM of 3. The second
employed the tripod monolayer incapable of bioconjugation (S3) that had been exposed
to aEAB. Each surface was incubated with a solution of the bacterium (108 cfu·mL-1 in
lysogeny broth) for 10 min and then rinsed to remove weakly bound cells. The remaining
surface-bound cells were stained with propidium iodide and their density was measured
repeatedly using a fluorescence microscope. Notably, surfaces in which aEAB was
immobilized on the tripodal SAM showed a nearly five-fold higher density (7.8 ± 1 x 105
cells·cm-2) than when aEAB was supported on the monovalent pyrene butyrate SAM (1.4
± 0.4 x 105 cells·cm-2) or on bare SLG (1.7 ± 0.3 x 105 cells·cm-2). The aBSA conjugated
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to the tripod SAM also showed nearly identical bound cell density (1.9 ± 0.3 x 105
cells·cm-2) as the aEAB films that were not interfaced to the tripodal SAMs. Since aBSA
does not recognize E. coli, we attribute the lower density value to nonspecific cell
adsorption. These results therefore suggest that aEAB exhibits little or no specific E. coli
recognition when it is adsorbed on bare graphene or conjugated to pyrene 4, yet retains
this function when conjugated to tripod 3. The S3 monolayers incapable of
bioconjugation also showed quite low bound cell density (1.8 ± 0.5 x 104 cells·cm-2),
indicating that covalent attachment between the SAM and antibody are necessary for cell
capture. Collectively, these differences in bound cell density suggest that the nature of the
SLG/antibody interface is crucial for antibodies to retain their desirable specific binding
function (Figure 5.3).

Figure 5.3. Captured E. coli binding densities for aEAB on SAMs of 3 (red), on SAMs of 4
(blue), on bare SLG (green), and on SAMs of S3 (purple). E. coli binding density for aBSA on
SAMs of 3 (orange).
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Finally, we confirmed that E. coli cells captured by aEAB on tripodal SAMs are
viable by monitoring their division on the SLG surface (Figure 5.4). The immobilized
cells replicate exponentially and remain attached to the surface, eventually forming a
graphene-conjugated biofilm (Figure 5.4A, red). In contrast, E. coli cells that were
immobilized on aEAB on bare SLG did not remain attached to the graphene surface, and
biofilm coherence was lost above a colony size of two individuals (Figure 5.4B, green).
E. coli cells responsible for biofilm growth on tripod-conjugated aEAB divided with a
doubling time of only 50% longer than cells grown in solution under similar conditions
(Figure 5.4). These observations further confirm that the nature of the antibody/graphene
interface strongly influences antibody function and suggest that immobilizing
biomolecules on tripod SAMs will enable studies of cell growth and differentiation. SLG
is an intriguing analytical platform for such investigations, in part because it can serve as
a transparent barrier material, as was shown by Alivisatos for imaging nanoparticles
within bilayer graphene pockets.[21]

Figure 5.4. A. Growth curves for E. coli in solution (dashed line), on aEAB on SAMs of 3 (red),
and on aEAB on bare SLG (green). B. Optical images of E.coli division on aEAB/tripod SAMs
that indicate the progression of biofilm formation.
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5.3

Conclusions
In conclusion, we have shown that similar masses of anti-E. coli antibodies

deposit onto both bare SLG and NHS-functionalized aromatic SAMs. The binding
specificity of the antibody depends strongly on the nature of SLG functionalization
method. The antibodies retain their specificity when conjugated to tripodal SAMs, but
exhibit poor E. coli recognition when immobilized onto the monovalent binding group or
bare SLG. Antibody activity on tripodal SAMs was further confirmed by the observations
that captured bacterial cells readily divide, remain bound to the graphene surface, and
form biofilms. This work answers fundamental questions about interfacing biomolecules
to SLG that are relevant to both biosensor applications and fundamental studies at the
abiotic/biotic interface. Further work in this area will elaborate on the functionality and
orientational control that we have demonstrated through the use of site-selective
bioconjugation strategies and will investigate practical SLG-based biosensors.
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A. Materials and Instrumentation
Materials. Unless otherwise noted, reagents were purchased from commercial
suppliers

and

used

without

further

purification.

4,4',4''-(prop-2-yne-1,1,1-

triyl)tris(methoxybenzene) 1 was prepared using a literature procedure.1 EtOAc,
hexanes, and Et2O were purchased from commercial sources and used without further
purification. THF, CH2Cl2, DMF, and PhMe were purchased from commercial sources
and purified using a custom-built activated alumina-based solvent purification system.
Graphene on quartz crystal microbalance sensors (G-QCM) were fabricated by
transferring graphene derived from a chemical vapor deposition (CVD) procedure
onto Stanford Research Systems O100RX3 quartz resonators. Graphene on SiO2/Si
wafers and

quartz coverslips were prepared similarly according to a literature

procedure.2
Stock bacterial solutions (Escherichia coli K-12 strain, Bacilus subtilis and
Lactobacillus casei ATCC n°334) were cultured by aseptic inoculation of 200 mL of
Lysogeny Broth (LB) medium with a colony of the desired bacterium and 12 h
incubation at 37 °C and 8.5% CO2with continuous shaking. For the E.coli, the grown
media was supplemented with ampiciline (100 µg•mL-1 ) as the strain used was
ampiciline resistant. Fresh secondary cultures were prepared before each experiment
by inoculating 5 mL of LB medium with 100 µL of stock growth solution, and
incubating until the optical density at 600 nm reached 0.6. The cells were then
resuspended in 1X phosphate buffered saline (PBS 1X) solution through
centrifugation (3000 rpm, 10 min) and supernatant buffer exchange. Microbial
concentrations were estimated using a heamocytometer. Solutions were diluted with
PBS 1X to 108 cfu • mL-1 for use in cell capture experiments.
Goat polyclonal anti-E. coli antibodies were purchased from Abcam
(Cambridge, MA) and chosen for their affinity towards the O and K antigens of the
bacteria. Aliquots were prepared by dilution in PBS 1X to a concentration of 50 µg·ml1

. The anti-bovine serum albumin IgG (rabbit, polyclonal) used for negative control

were purchased from Invitrogen (Grand Island, NY) and diluted in PBS 1X to a
concentration of 50 µg·mL-1.
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Instrumentation. Infrared spectra of solid samples were recorded using a Thermo
Nicolet iS10 FT-IR spectrometer with a diamond ATR attachment and are
uncorrected.
Mass spectra were obtained on a Waters MALDI micro MX MALDI-TOF mass
spectrometer using positive ionization in reflectron mode.
NMR spectra were recorded on a Varian INOVA 400 MHz spectrometer using a
1

H/X Z-PFG probe, a Bruker ARX 300 MHz spectrometer using a BBO probe, a

Varian INOVA 500MHz spectrometer using a standard 1H{13C, 15N} Z-PFG probe, or
a Varian INOVA 600 MHz spectrometer using a standard 1H{13C,

15

N} XYZ-PFG

probe with a 20 Hz sample spin rate.
Atomic force microscopy (AFM) analysis was performed in non-contact mode on
a Veeco DI 3100 AFM using diamond-like-carbon coated silicon cantilevers
(Tap150DLC) purchased from Budget Sensors (Sofia, Bulgaria).
In-flow mass grafting was performed with G-QCM mounted in a Stanford
Research Systems (Sunnyvale, CA) model O100FC flow cell. The monitoring of the
resonator frequency and the resistance was accomplished using a universal frequency
counter and a voltmeter connected to a QCM E-100 system (Stanford Research
Systems) and controlled by a computer running Labview.
An Olympus AX-70 microscope equipped with a Photometrics Cascade II
EMCCD camera was used to image surfaces. The free image processing software
Image J was used to analyze the resulting images.3
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B. Synthetic Procedures.
Scheme A4.1. Overall synthesis of a N-Hydroxysuccinimide-functionalized graphene
binding motif 3.

Scheme A4.2. Synthesis of S1.
OEt

O

O

OEt

Br
MeO

OMe

MeO

Pd(PPh3)2Cl2 / CuI
PhMe / i -Pr2NH / 40 oC
95%

MeO
MeO

1

OMe

S1

Preparation of trityl-functionalized ester S1. A 25 mL round bottom flask
containing a stir bar was charged with 1 (0.522 g, 1.455 mmol), CuI (21.1 mg, 0.111
mmol), and Pd(PPh3)2Cl2 (39.7 mg, 0.056 mmol). These solids were placed under a N2
atmosphere through three evacuation and backfilling cycles. Anhydrous PhMe (22
mL), i-Pr2NH (1.0 mL), and 4-bromoethylbenzoate (0.280 g, 1.222 mmol) were added
to the reaction flask. The reaction mixture was heated to 40 oC for 10 h, after which
the reaction was judged to have proceeded to completion by TLC (SiO2, 10% EtOAc /
hexanes, product Rf = 0.1). The reaction mixture was filtered through celite, and the
solvent removed over silica gel. The mixture was then purified by column
chromatography (SiO2, 20% EtOAc / 80% hexanes, product Rf = 0.25) to provide 2
(0.621 g, 99% yield). 2: 1H NMR (500 MHz, CDCl3, 298K) δ 8.00 (d, J = 8.0 Hz, 2204

aryl, 2H), 7.55 (d, J = 8.0 Hz, 3-aryl, 2H), 7.23 (d, J = 8.8 Hz, trityl-2-aryl, 6H), 6.85
(d, J = 8.8 Hz, trityl-3-aryl, 6H), 4.39 (q, J = 7.1 Hz, ester 1-ethyl, 2H), 3.81 (s, 4OCH3, 9H), 1.41 (t, J = 7.1 Hz, ester 2-ethyl, 3H). 13C NMR (101 MHz, CDCl3,
298K) δ 166.26, 158.48, 137.83, 131.60, 130.18, 129.69, 129.49, 128.46, 113.46,
99.48, 84.07, 61.23, 55.39, 54.29. IR (solid, ATR) 3036, 2997, 2954,2904, 2835,
2222, 1716, 1605, 1582, 1560, 1506, 1462, 1441, 1405, 1366, 1273, 1248, 1175, 1106,
1034, 827, 769 cm-1. EI-MS m/z Calcd. m/z 506.20932 [M]+. Found m/z506.20944
[M]+.
Scheme A4.3. Demthylation of S1 to tris(phenol) 2.
O

OEt

O

OEt

BBr3
DCM / -78 oC to -6 oC
53%

MeO

OMe

HO
OH

MeO

HO

S1

2

Preparation of tris(phenol) 5: A flame-dried 250 mL round bottom flask was
charged with S1 (473 mg, 0.934 mmol) and placed under a N2 atmosphere. Anhydrous
CH2Cl2 (50 mL) CH2Cl2was added, and the solution was cooled to -78 oC. A solution
of BBr3 in CH2Cl2 (1.0M, 25 mL, 25 mmol) was added using a gastight syringe, and
the reaction mixture was warmed to -6 oC by placing the sealed flask in a chemical
freezer. The reaction was determined to be complete after 23 h by TLC (SiO2, 50%
EtOAc / hexanes, product Rf = 0.33). The reaction mixture was cooled to -78 oC and
MeOH was added slowly (10 mL). The solvent was removed under vacuum and the
resulting solid was redissolved in EtOAc (25 mL) and washed with water (2 x 10 mL).
The aqueous layer was washed with EtOAc (3 x 25 mL). The combined organic layers
were dried (MgSO4), and the solvent was evaporated over silica gel. The mixture
purified by flash chromatography (SiO2, 50% EtOAc / hexanes, product Rf = 0.33) to
provide 2 (0.216 g, 53% yield) as a red solid. 2: 1H NMR (500 MHz, (CD3)2CO) δ
8.41 (s, phenol-OH, 3H), 8.03 (d, J = 8.5 Hz, 2-aryl, 2H), 7.67 (d, J = 8.5 Hz, 3-aryl,
2H), 7.14 (d J = 8.6 Hz, trityl-2-aryl, 6H), 6.82 (d, J = 8.6 Hz, trityl-3-aryl 6H), 4.37
(q, J = 7.1 Hz, ester 1-ethyl, 2H), 1.38 (t, J = 7.1 Hz, ester 2-ethyl, 3H). 13C NMR (126
MHz, (CD3)2CO) δ 166.17, 157.08, 156.97, 137.55, 132.34, 132.30, 130.86, 130.65,
130.22, 130.19, 129.23, 115.53, 115.44, 100.82, 84.32, 61.64, 54.96, 14.54. IR (solid,
ATR) 3369, 2219, 1696, 1604, 1507, 1440, 1369, 1275, 1173, 1110, 1016, 833, 770
cm-1. ESI-TOF-MS: Calcd. m/z 465.1702 [M+H]+. Found m/z 465.1706 [M+H]+
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Scheme A4.4. Synthesis of carboxylic acid tripod S2.
O

Br

OH

OEt

O

1.

HO
OH
HO

O

NaH / DMF / KI
rt
2. KOH / THF / H2O
60 oC

O
O

45%

2

S2

Preparation of carboxylic acid tripod S2. A flame-dried 10 mL round bottom flask
was charged with 2 (0.097 g, mmol) and placed under a N2 atmosphere. Anhydrous
DMF (1 mL) was added to the reaction flask followed by excess NaH (95%), changing
the solution from red to purple. The reaction was determined to be complete after 12 h
by TLC (SiO2, 10% MeOH / 90% CH2Cl2 Rf = 0.8). The reaction mixture was poured
into H2O (20 mL), filtered through celite and the celite washed with CH2Cl2 (10 mL x
3). The resulting biphasic mixture was transferred to a separatory funnel and the
CH2Cl2 layer removed and washed with H2O (3 x 10 mL). The aqueous layer was
extracted with CH2Cl2 (10 mL x 3) and the combined organic portions were dried
(MgSO4) and the solvent removed under vacuum. The resulting solids were purified
by flash chromatography (SiO2, 100% CH2Cl2 to 10% MeOH / 90% CH2Cl2). The
purified ester was then dissolved in THF (10 mL) and saturated aqueous KOH (2 mL)
and refluxed for 2 h when the reaction was complete by TLC (SiO2, 10% MeOH /
90% CH2Cl2 Rf = 0.5). The solvent was removed under vacuum and the mixture
resuspended in Et2O (20 mL), filtered and washed with H2O (10 mL x 3) and Et2O (10
mL x 3) affording S2 (0.120 g, 45% yield) as a white solid. S2: 1H NMR (500 MHz,
(CD3)2SO, 298 K) δ 8.35 (d, J = 9.3 Hz, 2-pyrenyl, 3H), 8.23 (d, J = 7.6 Hz, 5pyrenyl and 7-pyrenyl, 6H), 8.20 (d, J = 7.8 Hz, 9-pyrenyl, 3H), 8.17 (d, J = 9.3 Hz, 1pyrenyl, 3H), 8.11 (d, J = 9.0 Hz, 3-pyrenyl 3H), 8.09 (d, J = 9.0, 4-pyrenyl, Hz, 3H),
8.02 (t, J = 7.6 Hz, , 6-pyrenyl, 3H), 7.95 (d, J = 7.8 Hz, , 1-pyrenyl, 3H), 7.91 (d, J =
8.4 Hz, 2-aryl, 2H), 7.59 (d, J = 8.4 Hz, 3-aryl, 2H), 7.07 (d, J = 8.8 Hz, trityl-2-aryl,
6H), 6.88 (d, J = 8.9 Hz, trityl-3-aryl, 6H), 4.01 (t, J = 6.0 Hz, 1-butyl, 6H), 3.38 (t, J
= 7.2 Hz, 4-butyl, 7H), 2.06 – 1.76 (m, 2-butyl and 3-butyl, 14H). 13C NMR (126
MHz, (CD3)2SO, 298 K) δ 171.92, 162.64, 142.06, 141.99, 136.66, 136.07, 135.59,
134.71, 134.44, 133.26, 132.65, 132.39, 131.66, 131.30, 130.12, 129.42, 129.34,
128.71, 119.23, 72.82, 72.46, 64.93, 58.80, 52.06, 38.57, 37.40, 37.04, 33.79, 33.39,
206

33.19, 31.21. IR (solid, ATR) 3048, 2947, 2864, 2321, 1678, 1601, 1507, 1246, 1179,
842 cm-1 ESI-TOF-MS: Calcd. m/z 1227.4964 [M+Na]+. Found m/z 1227.4956
[M+Na]+
Scheme A4.5. Synthesis of NHS ester Tripod 3.
O

O

OH

N
O

O

O
O

O
O

N
OH

O

O

DIC / DMAP / DMAP TsOH
CH2Cl2 / r t

O

O
O

65%

S2

3

Preparation of NHS ester Tripod 3. A 5 mL flame-dried round bottom flask was
charged with S2 (35 mg, 0.029 mmol), N-hydroxy succinimide ( 16 mg, 0.14 mmol),
N,N-dimethylaminopyridine (2 mg, 0.016 mmol), N,N-dimethylaminopyridinium ptoluenesulphonate(2 mg, 0.007 mmol) and placed under a N2 atmosphere. Anhydrous
CH2Cl2 (1 mL) was added to the reaction flask followed by N,N’diisopropylcarbodiimide ( 0.05 mL, 0.32 mmol). The resulting suspension was stirred
at room temperature for 2 h until homogenous at which point the reaction was
complete by TLC (SiO2, CH2Cl2, product Rf = 0.6). The reaction mixture was then
filtered through SiO2 eluted with CH2Cl2,and the solvent removed under vacuum to
afford 3 (24 mg, 65% yield) as an off-white powder. 1: 1H NMR (500 MHz, CDCl3,
298 K) δ 8.27 (d, J = 9.2 Hz, 2-pyrenyl, 3H), 8.14 (d, J = 7.6 Hz, 5-pyrenyl and 7pyrenyl, 6H), 8.10 (d, J = 7.8 Hz, 9-pyrenyl, 3H), 8.08 (d, J = 9.3 Hz, 1-pyrenyl, 3H),
8.05 (d, J = 8.3 Hz, 2-aryl, 2H), 8.03 (d, J = 8.9 Hz, 3-pyrenyl, 3H), 8.00 (d, J = 8.9
Hz, 4-pyrenyl, 3H), 7.97 (t, J = 7.6 Hz, 6-pyrenyl, 3H), , 7.87 (d, J = 7.8 Hz, 8pyrenyl, 3H), 7.58 (d, J = 8.3 Hz, 3-aryl, 2H), 7.18 (d, J = 8.8 Hz, trityl-2-aryl, 6H),
6.83 (d, J = 8.8 Hz, trityl-3-aryl, 6H), 4.01 (t, J = 6.2 Hz, 1-butyl, 6H), 3.41 (t, J = 7.6
Hz, 4-butyl, 6H), 2.89 (s, 4H), 2.04 (m, 2-butyl, 6H), 2.00 – 1.89 (m, 3-butyl, 6H). 13C
NMR (126 MHz, CDCl3, 298 K) δ 169.16, 161.43, 157.91, 137.37, 136.52, 131.89,
131.41, 130.88, 130.71, 130.37, 130.04, 129.82, 128.62, 127.50, 127.25, 126.60,
125.80, 125.09, 125.01, 124.86, 124.79, 124.69, 123.92, 123.37, 113.93, 101.29,
83.47, 67.71, 54.26, 33.15, 29.25, 28.28, 25.67. IR (solid, ATR) 3039, 2941, 2866,
2248, 1769, 1739, 1603, 1581, 1505, 1243, 1202, 1176, 1043, 996, 906, 844, 729 cm-1.
ESI-TOF-MS Calcd. m/z 1302.5309. Found m/z 1302.5286 [M+H]+
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Scheme A4.6. Synthesis of Amide Tripod S3.
O
O

N
O

O

O

H2N

O

Quant.

OH

OH

THF / r t
O

H
N

O

O
O

O

3

S3

Preparation of Amide Tripod S3. A 20 mL flame-dried vial with stir bar was
charged with 3 (10 mg, 7 µmol) and anhydrous THF (4 mL) and placed under a N2
atmosphere. Freshly distilled ethanolamine (50.6 mg, 0.83 mmol) was then added and
the mixture stirred at room temperature for 1 h when TLC (SiO2, EtOAc, product Rf =
0.25). The solvent was removed under vacuum and the residue redissolved in CHCl3
(10 mL), washed with 2 M HCl (3 x 2 mL), followed by saturated NaCl (2 mL). The
organic layer was then dried using MgSO4, filtered and the solvent removed under
vacuum to afford S3 (10 mg, quantitative yield) as an off-white powder. S3: 1H NMR
(500 MHz, CDCl3, 298 K) δ 8.31 – 7.87 (m, pyrene, 21H), 7.72 (d, J = 8.2 Hz, 2-aryl,
2H), 7.54 (d, J = 8.2 Hz, 3-aryl, 2H), 7.19 (d, J = 8.7 Hz, trityl-2-aryl, 6H), 6.83 (d, J
= 8.7 Hz, trityl-3-aryl, 6H), 4.02 (t, J = 6.2 Hz, 1-butyl, 6H), 3.86 (t, J = 4.8 Hz, 1ethyl, 2H), 3.65 (t, J = 4.8 Hz, 2-ethyl, 2H), 3.42 (t, J = 6.2 Hz, 4-butyl, 6H), 2.05 (m,
2-butyl, 6H), 1.97 (m, 3-butyl, 6H). 13C NMR (126 MHz, CDCl3, 298 K) δ 136.52,
131.74, 131.42, 130.04, 129.82, 128.62, 127.49, 127.23, 126.83, 126.58, 125.78,
125.09, 124.84, 124.78, 124.67, 123.36, 113.88, 110.00, 67.71, 62.37, 54.10, 42.91,
33.13, 29.26, 28.27. IR (solid, ATR) 3321, 3043, 2923, 2851, 1718, 1640, 1605, 1544,
1505, 1467, 1295, 1246, 1063, 844, 759 cm-1.
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C. NMR Spectra
Figure A4.1. 1H NMR of S1 (400 MHz, CDCl3, 298K).

Figure A4.2. 13C NMR of S1 (101 MHz, CDCl3, 298K).
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Figure A4.3. 1H NMR of triol 2 (500 MHz, (CD3)2CO, 298K).

Figure A4.4. 13C NMR of triol 2 (500 MHz, (CD3)2CO, 298K).
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Figure A4.5. 1H NMR of carboxylic acid tripod S2 [500 MHz, (CD3)2SO), 298K].

Figure A4.6. 13C NMR of carboxylic acid tripod S2 [126 MHz, (CD3)2SO), 298K].
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Figure A4.7. 1H NMR of NHS-ester tripod 3 (500 MHz, CDCl3, 298K).

Figure A4.8. 13C NMR of NHS-ester tripod 3 (126 MHz, CDCl3, 298K).
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Figure A4.9. 1H NMR Amide tripod S3 (500 MHz, CDCl3, 298K).

Figure A4.10. 13C NMR of Amide tripod S3 (126 MHz, CDCl3, 298K).
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D. Cell Immobilizaion and Additional Surface Characterization.
Procedure for Cell Immobilization and Enumeration. For our cell immobilization
assays we used SLG on SiO2/Si. We prepared SAMs of both 1 and 2 by dipping as
above. Subsequent bioconjugation of anti-E. coli antibody (aEAB) was accomplished
by depositing 250 µL of 50µg mL-1 aEAB in phosphate buffered saline with 10 mM
phosphate (PBS 1X) and allowing the solution to incubate on the surface for 10 min.
After 10 min the solution was removed by wicking the solution away using a VWR
light duty tissue wiper. The chip was then dipped in clean PBS 1X and a suspension of
E. coli cells (108 cfu·mL-1 ·mL-1 in LB) was dropped onto the surface and allowed to
incubate for 10 min. After incubation the surface was dipped in PBS 1X and sonicated
for 30s to remove any weakly adsorbed bacteria. The immobilized cells were then
stained using propidium iodide nucleic acid stain (0.1 mg·mL-1 in PBS 1X) by
dropping the solution evenly over the surface and incubating for 30 min. After
staining, the chip was washed by dipping in deionized water for 30s and blown dry
with a gentle stream of nitrogen.
Figure A4.11. Representative image of E. coli cells on aEAB on SLG.

50µm
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Figure A4.12. Representative image of E. coli cells on aEAB on 4 on SLG.

50µm
Figure A4.13. Representative image of E. coli cells on aBSA on 3 on SLG.

50µm
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Figure A4.14. Representative image of E. coli cells on aEAB on 3 on SLG.

50µm
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Figure A4.15. Representative AFM image of aEAB on HOPG.

Figure A4.16. Representative AFM image of a SAM of 3 on HOPG.
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Figure A4.17. Representative AFM image of aEAB on a SAM of 3 on HOPG.

Figure A4.18. GQCM frequency (ΔMass, blue) and resistance (ΔR, red) responses for
a surface functionalized with a SAM of 4. A similar mass of aEAB is adsorbed
compared to the bare GQCM or the GQCM functionalized with a SAM of 3.
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E. Evaluation of Tripods Incapable of Bioconjugation.
To evaluate the importance of the NHS-ester functionality of the tripod, we prepared
derivative S3, which is not capable of bioconjugation (for experimental preparation
and characterization of S3, see page S-8 and Figures S9-S10). SAMs of S3 were
subjected to the same GQCM and cell binding studies described in the manuscript for
SAMs of 3.
O

O

H
N

OH

O
O

S3
Figure A4.19. GQCM frequency (ΔMass, blue) and resistance (ΔR, red) responses for
a surface functionalized with a SAM of S3. A smaller mass of aEAB is adsorbed
compared to either the bare GQCM or the GQCM functionalized with a SAM of 3.
There is also no detectable change in ∆R after E. coli cell introduction, consistent with
the extremely low bound cell densities observed for this SAM (see below).
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Figure A4.20. Cell count histogram for aEAB adsorbed on tripod SAMs of S3. The
average cell density is an order of magnitude smaller than those shown in Fig. 3,
indicating that S3 decreases non-specific cell adsorption to the SLG surface relative to
the other functionalization protocols.

Average = 1.8 ± 0.5 x 104 cells·cm-2

F. Additional Information on Biofilm Formation.
Single layer graphene was transferred onto quartz microscope slides (0.5 mm thick,
25.4 x 25.4 mm2) . The quartz slides with SLG were functionalized with the NHStripod by immersion into a solution of NHS-Tripod (100 µM in THF) for 60 s, then
rinsed in pure THF for antoher 60 s to remove excess NHS-tripod, dipped in deionized
H2O for 60 s, and finally dried under a flow of N2.The quartz slides were then adhered
SLG side up on the bottom surface of glass culture dishes with 10 mm circular
aperture in the dish bottom (Ref. P35-10-C-N, MatTek, Ashland, MA)using a Loctite
Superbonder 495 (Rocky Hill, CT),. The SLG was then functionalized by dropping
600 µL of •mL-1 anti-E. coli AB (50 µg·mL-1 in PBS 1X) onto the surface and
incubating for 10 min. Rinsing with 3 streams of 1 mL PBS 1X followed this step.
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Without drying the sample, the petri dish was filled with 5 mL of a solution of 1.108
cfu•mL-1

E. coli cells resuspended in PBS 1X and incubated for 10 min.

Subsequently, under aseptic conditions the graphene surface was rinsed with PBS1X
as described for the antibody functionalization and additionaly by filling the chamber
with 5 mL PBS 1X and discarding the rinsing solution three times. Still under aseptic
conditions, Petri dishes were finally filled with 5 mL LB medium, sealed hermetically
and placed over the 50 X objective of an Olympus IX-70 inverted microsocpe
equipped with a Retiga 2000-DC CCD camera (Q imaging).
Bacteria cells attached on the graphene surface were then observed and optical
micrographs were recorded every 6 min. Care was taken that the bacteria cells
observed according to this protocol were properly immobilized onto the graphene
surface (i.e. in the focal plane of the coverslip) and that this immobilization was not
transient. A typical series of image obtained for an individual bacterium is displayed
in Figure A4.10. The bacteria immobilized start showng early signs of growth around
12 min and first signs of cellular division around 34min. The the population size of the
resulting biofilm was monitored over a 230 min period. In the case of AB adsorbed on
prisitine SLG, the daughter cells from the initial division failed to remain attached to
the graphene surface or to the initial bacteria. De-grafting of the daughter cell and/or
of the mother celloccurred consistently over time. In contrast, bacteria immobilized on
AB1 conjugated to a SAM of 3 loss of cells from the surface was not observed,
eventually resulting in the formation of a biofilm. Data was only collected from
bacteria that exhitied signs of growth and/or cell division which represented more than
70% of the imobilized bacteria. Statistics on over fifty bacteria showing signs of
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growth and/or cellular division enabled us to characterize the growth of the biofilm
using the Malthusian growth model P(t) = P0ert, where P0 is the initial population, r is
the growth rate, and t is time. The curve of biofilm population over time presented in
the manuscript fits the Malthusian growth model with r = 7.5 ± 0.1 x 10-3 min-1, which
represents a growth rate 50 % slower than the growth K-12 E. coli cells immersed in
LB medium at 22 oC. This “bulk solution”growth rate (r = 1.4 x 10-2 min-1) was
characterized under the same temperature conditions and in 5 ml of LB medium
(bacterial concentrations were assesed using an heamocytometer).
Figure A4.21. Series of optical micrographs showing the evolution of a K-12 E.coli
cells biofilm attached to anti-E.coli IgG/ NHS-tripod functionalized SLG (unless
otherwise mentionned the scale bar are 5 µm).
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CHAPTER SIX
CONTROL OF THE GRAPHENE-PROTEIN INTERFACE IS REQUIRED TO PRESERVE
ADSORBED PROTEIN FUNCTION
6.1

Abstract
Graphene’s suite of useful properties makes it of interest for use in biosensors.

However, graphene interacts strongly with hydrophobic components of biomolecules,
potentially altering their conformation and disrupting their biological activity. We have
immobilized the protein Concanavalin A onto a self-assembled monolayer of multivalent
tripodal molecules on single-layer graphene. We used a quartz crystal microbalance (QCM) to
show that tripod-bound Concanavalin A retains its affinity for polysaccharides containing αD-glucopyrannose groups as well as for the α-D-mannopyranose groups located on the cell
wall of Bacillus subtilis. QCM measurements on unfunctionalized graphene indicate that
adsorption of Concanavalin A onto graphene is accompanied by near-complete loss of these
functions, suggesting that interactions with the graphene surface induces deleterious structural
changes to the protein. Given that Concanavalin A’s tertiary structure is thought to be
relatively robust, these results suggest that other proteins might also be denatured upon
adsorption onto graphene, such that the graphene-biomolecule interface must be considered
carefully. Multivalent tripodal binding groups address this challenge by anchoring proteins
without loss of function and without disrupting graphene’s desirable electronic structure. The
work described in this chapter was performed in collaboration with Dr. Thomas Alava, Ms.
Cécile Théodore, and Dr. Jaime Benitez under the direction of Prof. J.M. Parpia, Prof. H. G.
Craighead and Prof. W. R. Dichtel and was published in the Analytical Chemistry (Alava, T.;
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Mann, J. A.; Théodore, C.; Benitez, J. J.; Dichtel, W. R.; Parpia, J. M.; Craighead, H. G. Anal.
Chem. 2013, 85, 2754.)

6.2

Introduction

Single-layer graphene (SLG) is mechanically flexible, transparent, conductive, and
offers outstanding surface-to-volume ratio.1 These properties make SLG of interest for
integrated lab-on-a-chip analysis systems, particularly when it is functionalized with
appropriate biosensing elements. For example, SLG has been incorporated into electrolytegated field effect transistors,2 and SLG-aptamer interactions have served as active elements of
a Förster resonance energy transfer-based thrombin sensor.3 McAlpine and coworkers
recently developed an implantable, wireless biosensor based on SLG functionalized with
graphene-binding peptides.4 Aromatic portions of biomolecules can interact with graphene’s
polarizable, hydrophobic surface. For example, the nucleobases of single-stranded DNA
(ssDNA) adsorb strongly onto the graphene basal plane, and the ssDNA retains its ability to
hybridize with a complementary strand. 5, 6
In contrast, proteins, which constitute the largest and most widely employed class of
biomacromolecules for surface functionalization7-11, have also been interfaced to graphene,2,12
but most studies do not unambiguously demonstrate that the protein remains functional.13,14
The nature and magnitude of protein tertiary structure distortion upon adsorption onto a
hydrophobic surface is dependent on many factors, including the number of non-polar amino
acids and the energetics of the equilibrium between folded and denatured states.15,16 So-called
"soft" proteins, with less-stable tertiary structures, undergo larger deformations17. Tertiary
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structure changes also depend upon the nature of the sorbent. For example, the α-helix content
of cutinase and α-chymotryspin decrease when bound to hydrophobic SiO2, yet their
biological activity is mostly maintained. However, a similar decrease in α-helix content
occurs upon adsorption to Teflon, but catalytic activity is lost.18 Hydrophobic effects were
also ascribed to lysozyne and α-lactoalbumin denaturation on polystyrene19. Furthermore,
early studies have suggested changes in peptide secondary structure upon adsorption to
SLG.20 These findings suggest that many proteins might undergo conformational changes,
perhaps accompanied by loss of function, when adsorbed non-specifically onto SLG.
In light of this concern, here we characterize and engineer the nature of the SLGprotein interface for a model lectin protein, Concanavalin A (Con A). We first employ a
graphene-coated quartz crystal microbalance (GQCM) to characterize the immobilization of
Con A on SLG. We interfaced Con A to SLG in two distinct ways: either (1) adsorbed to its
pristine basal plane or (2) covalently attached to a self-assembled monolayer (SAM) of
tripodal molecules bearing an activated ester for bio-conjugation. In Chapter 2, we
demonstrated that these tripodal compounds bind strongly to graphene, even in organic
solvents under infinite dilution conditions,21 and diffuse in two-dimensions over the graphene
surface.22 In parallel, we have also found that antibodies attached to tripod monolayers exhibit
highly specific biological recognition, while those bound to bare graphene or through a
monovalent pyrene anchor lose this hallmark abitlity.23 A complete discussion of the study
using antibodies can be found in Chapter 5 of this dissertation.
After characterizing Con A adsorption onto graphene, we assessed its well-known
ability to recognize α-D-glucopyrannose moieties of oligosaccharides. Con A retains activity
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when attached to the tripod monolayer but shows no evidence of specific oligosaccharide
recognition when adsorbed onto pristine SLG. Furthermore, Con A recognizes the α-Dmannopyranose moieties of the lipotechoic acids located on Bacillus subtilis cell walls. We
evaluated SLG-immobilized Con A’s ability to recognize B. subtilis by measuring the density
of immobilized cells. Finally, we demonstrate that it is possible to inhibit recognition of cells
by pre-saturating the Con A receptors with monomeric methyl-α-D-mannopyranose. These
experiments confirm that Con A remains fully functional when attached to the tripod SAM
and suggest that the tripod will provide a general strategy for interfacing biomolecules to
SLG. This study also demonstrates the utility of GQCM with motional resistance monitoring
to characterize the interactions of biomacromolecules with SLG.
6.3

Experimental Section
Graphene transfer. SLG was grown on Cu substrates (Alfa Aesar, Ward Hill, MA) in

an atmosphere of CH4 (36 sccm) and H2 (60 sccm) at 980 °C for 30 min.24 A 50 nm layer of
poly(methyl methacrylate) (PMMA) was spin-coated onto the SLG, after which the Cu
substrate was etched using aqueous FeCl3 (1M, Transene, Danvers, MA). The SLG/PMMA
was transferred into three fresh baths of deionized H2O. Finally, the SLG/PMMA was
transferred, SLG side down, onto a substrate, either a quartz crystal microbalance resonator or
a silicon wafer with a thermally grown 280 nm-thick SiO2 layer (Si/SiO2, for cell
immobilization studies). The SiO2 layer provides sufficient optical contrast to visualize the
SLG directly25. After deposition, the SLG was dried for 3 h, after which the PMMA was
removed by soaking the substrate in anisole for 15 min and then CH2Cl2 for 12 h. The SLG
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was found to be continuous and predominantly single layer (>95%) using Raman
spectroscopy (see Appendix).
Reagents. Con A from Canavalia ensiformis (Jack bean, Sigma Aldrich, Saint Louis,
MO) was dissolved in phosphate-buffered saline 1X solution (PBS 1X, 10 mM, pH 7.3) to a
concentration of 200 µg·mL-1. Working solutions of Con A were prepared from aliquots of
this stock solution before the beginning of each experiment by dilution with PBS 1X to a
concentration of 50 µg·mL-1. Guanadinium hydrochloride, α-D-glucose, propidium iodide,
methyl α-D-mannopyranose and Lysogeny Broth (LB) were purchased from Sigma Aldrich.
Saturated solution of polysaccharides containing α-D-glucopyrannose moieties with the
proper configuration to be recognized by Con A26 were prepared according to a reported
procedure,27 and diluted by a factor 1:2 in PBS 1X, and stored at 4 °C until use (see
Appendix). Propidium iodide was dissolved in deionized H2O (500 μg·mL-1). Suspensions of
B. subtilis were prepared by inoculating 5 ml of LB medium with an overnight culture of B.
subtilis under sterile conditions. The inoculated media was incubated under an aerobic
atmosphere with 6.5% CO2 with constant shaking until the optical density at 600 nm (OD600)
reached 0.6, corresponding to mid-log phase growth. The B. subtilis cells were re-suspended
in PBS1 X and diluted to a concentration of 108 cfu·mL-1. B. subtilis concentrations were
estimated using a heamocytometer.
Non-covalent functionalization protocol. Monolayers of the N-hydroxysuccinimidyl
ester tripod (NHS-tripod) were formed by submerging the SLG-functionalized substrate into a
solution of NHS-tripod in THF (100 μM) for 1 min. The substrate was rinsed with fresh THF
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and was then submerged in deionized H2O for 1 min. The synthesis of the NHS-tripod is
described elsewhere.23
Cell surface density counting. Graphene supported on the Si/SiO2 wafers, with or
without a tripod monolayer, were functionalized with Con A by spreading a 100 µL droplet
evenly to cover the entire graphene sample (ca. 1 cm2). After incubation, the sample was
rinsed gently with PBS 1X (3 x 1 mL). Care was taken to ensure that the samples did not dry
during the functionalization and subsequent bacterial recognition procedures. α-Dmannopyranose solution (inhibition solution) or 6 M guanadinium hydrochloride (denaturant
solution) were introduced to the SLG surface using a similar procedure. Finally, graphene
samples were incubated for 20 min in a solution of B. subtilis re-suspended in PBS 1X (5 mL,
1x108 cfu·mL-1), rinsed thoroughly three times with PBS 1X, and dried under a stream of N2.
The attached bacteria were counted by depositing aqueous propidium iodide (20 µL, 500
µg·mL-1) over the samples and incubating under a glass slide for 45 min. An Olympus AX-70
microscope equipped with a Photometrics Cascade II EMCCD camera was used to image the
resulting surfaces and determine the bound cell density.
Quartz crystal microbalance. SLG-functionalized quartz substrates were inserted
into a Kynar crystal holder (Stanford Research Systems (SRS), model # O100RH) equipped
with a flow cell (SRS model # O100FC) and peristaltic pump (Gilson, Middleton, WI). Stable
temperatures were maintained by submerging the crystal holder in a controlled-temperature
water bath at 27°C (Thermo scientific, Precision 280 series, Temperature uniformity of
±0.2°C at 27°C). Solutions were pumped over the active SLG substrate using a flow rate of 30
µL·min-1. The crystal holder electrodes were connected to a controller interface (SRS, model
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QCM-200) delivering the resonance frequency and the motional resistance signal. Once
acquired, the data are corrected to remove baseline drift and external vibration artifacts (see
Appendix). Throughout the manuscript, representative QCM resonance frequency and
resistance curves are displayed, and numerical data are reported as the mean of three
replicates.
6.4

Results and Discussion
Con A is a tetrameric lectin protein that binds one α-glucopyrannosyl (αGP) moiety at

each subunit26. We selected Con A for this study because lectin proteins represent appropriate
models for biosensing applications because of their ability to recognize specific carbohydrate
bonding patterns. This ability has been used to engineer self-regulated insulin delivery
systems,28 demonstrating the value of Con A for future biomedical devices.29 In addition, Con
A is a relatively stable protein with respect to denaturation30 and has been used previously to
study protein adsorption on various surfaces.31-35 Our experimental approach is depicted in
Figure 6.1, in which we employed GQCM to characterize films of Con A formed by
physisorption onto bare SLG and by chemisorption onto tripod SAMs bearing amine-reactive
NHS esters. Changes in resonant frequency (Δf) and resistance (ΔR) of the QCM measure the
mass deposition and viscoelastic behavior, respectively, of the adsorbed films. Δf can be
related to mass of Con A deposited on the quartz surface (Δm) using the Sauerbrey equation ,
assuming that the film is both uniform and rigidly coupled to the resonator surface:
. Where Cf is a constant dependent on the quartz properties, 56.6 Hz·μg-1·cm2
for the 5 MHz AT-cut quartz used here36.
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Figure 6.1. Schematic depiction of the strategies used to interface Concanavalin A to single-layer
graphene and evaluate its carbohydrate-binding function.

Figure 6.2 shows the GQCM responses for the functionalized and unfunctionalized resonators
upon introduction of Con A. Although Con A deposits on both substrates, the mass and the
viscoelastic properties of the resulting films differ. When Con A is adsorbed on bare
graphene, Δfa stabilizes after 30 min to -38 ± 1.2 Hz, corresponding to a mass of 671 ± 21
ng/cm2. Δft is slightly lower over the same period when the tripod monolayer is present, -33 ±
0.8 Hz, corresponding to an adsorbed mass of 583 ± 14 ng/cm2. These measurements indicate
that more Con A deposits onto bare SLG than onto the tripod monolayer. Surface coverage
calculations indicate that the mass of adsorbed Con A corresponds to 0.75 - 1.7 monolayers in
the presence of the tripod monolayer and 0.85 - 2.05 layers for Con A adsorbed to bare SLG
(see Appendix). Under specific conditions satisfied in this study (see Appendix), changes in
quartz resistance (ΔR) correspond to variations in the acoustic impedance of the film
deposited onto the quartz resonator.37 The acoustic impedance provides insight into the film’s
viscoelastic properties, which for biological thin films depends on many factors, such as their
degree of hydration.38
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Figure 6.2. Changes in GQCM resonance frequency (Δf, left axis) and resistance (ΔR, right axis) upon
introducing Con A into the flow cell. Two cases are compared: Con A immobilization onto bare SLG
(Δfa and ΔRa, solid traces) and covalent attachment to a monolayer of tripodal binding compound (Δft
and ΔRt, dotted traces).

Thus, differences in ∆R between films of Con A on bare SLG (ΔRa) and on tripod
SAMs (ΔRt) qualitatively indicate differences in their physical properties and the nature of
their solvent interactions. The film deposited by adsorption of Con A on bare graphene, in
addition to containing more mass, is more rigid (ΔRa = 4 ± 0.6 Ω) than the film deposited on
the tripod monolayer (ΔRt = 6.6 ± 0.8 Ω). This difference, in combination with the activity
studies described below, is consistent with Con A interacting with SLG through its non-polar
amino acid residues. We associate this phenomenon with protein denaturation, which results
in a denser, more rigid film compared to when it is covalently attached to the tripod SAM.39
We next characterized Con A’s ability to recognize α-D-glucopyrannose or α-Dmannopyranose moieties of oligosaccharides to evaluate the adsorbed protein’s level of
function40. A flow of PBS 1X buffer solution was established over the Con A-functionalized
GQCM flow cell until the frequency stabilized, after which a saturated solution of
oligosaccharides containing α-D-glucopyrannose moieties (PαDG) was introduced. A sudden
decrease in the resonant frequency of about 5 Hz is first observed, consistent with a change in
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solvent viscosity (Figure 6.3). 41 The resonant frequency continued to decrease over the next
30 min, corresponding to PαDG interacting with the Con A film. Finally, the cell is washed
with PBS buffer, which reverses the initial 5 Hz shift related to the change in solvent
viscosity. We observed a significant dependence of PαDG binding on the Con A attachment
protocol (Table 6.1). Con A films that were attached to tripod monolayers underwent a
GQCM resonant frequency shift of -33.2 ± 2.3 Hz; whereas the resonant frequency shift of
Con A films adsorbed on bare SLG was only -13.3 ± 0.8 Hz.
Table 6.1. The resonance frequency shift associated with the binding of PαDG to Con Aconjugated single layer graphene (error bars are ± σ). As a negative control, the resonance frequency
shift associated with introducing the PαDG solution over bare SLG is displayed.

Table 6.1. Binding of PαDG on various GQCM substrates

Resonance
frequency shift
(Hz)

Pristine SLG

Con A adsorbed
on SLG

Con A attached
to tripod

Denatured
Con A attached
to tripod

- 12.9 ± 1.3

-13.3 ± 0.8

-33.2 ± 2.3

-11.5 ± 1.1

This activity difference between Con A on SLG and Con A on a tripod SAM cannot
be explained by the protein simply adopting different orientations upon immobilization on the
graphene surface, as no single orientation would restrict access to all four of Con A’s α-Dglucopyrannose binding sites. As such, we hypothesized that Con A retains its function when
covalently attached to the tripod but denatures upon adsorption to bare SLG. To investigate
this idea, we denatured the tripod-bound Con A by introducing a solution of guanadinium
hydrochloride (GdmCl, 6M) into the flow cell before evaluating PαDG binding.
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Figure 6.3. Time evolution of the GQCM resonance frequency (blue) and motional resistance (red) of
an unfunctionalized GQCM during a PαDG binding experiment. The following solution sequence was
introduced to the GQCM: PBS 1X equilibration (t = 0–6 min), PαDG solution (t = 6–32 min), PBS 1X
washing (t = 32–42 min). The resonance frequency shifts associated with switching between PBS 1X
and PαDG solutions (±5 Hz) and nonspecific adsorption of PαDG to the GQCM (−14 Hz) are
indicated.

The denatured Con A/tripod film, the adsorbed Con A/SLG film, and a pristine
GQCM substrate each exhibited similar GQCM resonant frequency variation in the presence
of PαDG (Table 1), which we attribute to nonspecific PαDG binding. Only the intact Con
A/tripod film exhibits a larger resonant frequency shift than the nonspecific PαDG response.
Figure 6.4 shows the QCM frequency response to PαDG exposure for each of these films.
One notable feature is the loss of mass ca. 12 min for Con A adsorbed on bare SLG, which we
attribute to the desorption of additional Con A nonspecifically bound to the protein
monolayer.42,43 Furthermore, the frequency response of the Con A/tripod films is an order of
magnitude too large to correspond simply to the mass of bound oligosaccharides (see
Appendix). We attribute this non-Sauerbrey response to a change in aggregation state of Con
A upon PαDG binding, which has been noted previously in the presence of polyvalent
oligosaccharides.44
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Figure 6.4. Time evolution of the GQCM resonant frequency after introducing the PαDG solution to
bare SLG (purple), Con A adsorbed on bare graphene (green), Con A bound to tripod (orange), and
denatured Con A bound to tripod (cyan).

We further confirmed that the PαDG binding observed for tripod-supported Con A is
attributable to an intact, functioning protein using an inhibition experiment developed by
Doyle and Birdsell for Con A in solution.45 This experiment exploits Con A’s ability to
specifically recognize α-D-mannopyranosyl residues of lipotechoic acids, which are located
on the cell walls of gram-positive B. subtilis bacteria. We measured the density of B. subtilis
cells that bound to Con A films, which were either adsorbed onto bare SLG (Figure 6.5, green
bars) or attached to the tripod monolayer (Figure 6.5, yellow bars). Approximately five times
more B. subtilis cells bind to the Con A/tripod films per unit area (4826 ± 1030 mm-2, orange
bars) than the adsorbed Con A films (911 ± 449 mm-2, green bars). This difference is
consistent with the results of the PαDG binding studies using GQCM described above. Con
A/tripod films that were denatured, again using 6M GdmCl, reduced the bound B. subtilis cell
density (913 ± 401 mm-2, Figure 6.5, cyan bars) to a level similar to that of the adsorbed Con
A.
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Figure 6.5. (A) Histogram of Bacillus subtilis cell density (image field of view = 24418 µm2) bound
to SLG functionalized as follows: Con A adsorbed onto SLG (green bars); Con A bound to the tripod
monolayer (orange bars); Con A bound to the tripod monolayer and then denatured with GdmCl
solution (red bars); Con A bound to the tripod monolayer and then saturated with a methyl α-Dmannopyranoside solution (Cyan bars). Normal distribution curves centered on the mean cell density
values are overlaid onto each data set. (B)Surface densities of Bacillus subtilis cells (cells / mm2)
bound to SLG for the above surface preparation protocols. The data presented in this figure and the
calculated mean cell densities were obtained from three replicate surfaces of each experiment.
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Finally we inhibited Con A function by saturating the binding sites of the active Con A/tripod
films with methyl α-D-mannopyranose prior to introducing the B. subtilis cells.
Under these conditions, the B. subtilis cell density was reduced by 83-100% (941 ±
543 mm-2, Figure 6.5, red bars) to a similar level as the non-specific binding observed for
denatured or adsorbed Con A. The results of this inhibition experiment further confirm that
the Con A protein retains its function when covalently attached to the tripod SAM.
Collectively, these cell recognition experiments illustrate the importance of engineering the
protein/graphene interface in order for proteins to retain their higher order structure and
function.
6.5

Conclusions
This study has demonstrated through complementary GQCM and cell binding studies

that the lectin protein Con A readily adsorbs to graphene but loses its ability to recognize
oligosaccharides. The viscoelastic properties of these adsorbed Con A films are also
consistent with a physisorption mechanism driven by changes in Con A’s structure. In
contrast, Con A retains its function when it is covalently tethered to a monolayer of a tripodal
compound, which binds to graphene through non-covalent interactions. These findings
demonstrate that the QCM is a powerful tool to study protein adsorption and function on
graphene as this material begins to fulfill its outstanding technological promises. Given that
Con A is relatively stable with respect to denaturation, these findings are likely to be
applicable to a broad range of other less-stable proteins. Our results emphasize that adsorption
to bare SLG, or even to monovalent pyrene anchors, may be an ineffective
biofunctionalization

strategy,

and

that

protein
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function

should

be

demonstrated

unambiguously in such cases. In contrast, the tripodal NHS-ester used in this study preserves
Con A function and represents a general approach to interface proteins to SLG. We are
currently performing studies in which graphene’s desirable electronic properties enable
electronic sensing simultaneously with GQCM mass and dissipation measurements.

238

REFERENCES

1. Geim, A. K.; Novoselov, K. S.; Nature Mater., 2007, 6, 183-191.
2. Ohno, Y.; Maehashi, K.; Matsumoto, K. J. Am. Chem. Soc. 2010, 132, 18012–18013.
3. Haixin Chang, H. ; Tang, L.; Wang, Y. ;Jiang, J.; Li, J. Anal. Chem., 2010, 82 , 2341–
2346.
4. Mannoor, S. M.; Tao, H.; Clayton, J. D.; Sengupta, A.; Kaplan, D. L.; Naik, R. R.;
Verma, N.; Omenetto, F. G.; McAlpine, M.C. Nat. Commun., 2012, 3, 763
5. Lu, C.-H. ; Yang, H.-H. ; Zhu, C.-L. ; Chen, X. ; Chen, G.-N. ; Angew. Chem. Int.
Ed.,2009, 48, 4785–4787 DNA
6. He, S.; Song, B.; Li, D.; Zhu, C.; Qi, W.; Wen, Y.; Wang, L.; Song, S; Fang, H.; Fan,
C., Adv. Funct. Mater., 2010, 20, 453-459.
7. Cameron J. Wilson, C. J.; Clegg, R. E.; Leavesley, D; I.; Pearcy, M. J. Tissue. Eng.,
2005, 11, 1-18.
8. Gray, J. J., Curr. Opin. Struct. Biol. ,2004, 14, 110-115.
9. Yanik, A. A.; Huang, M.; Kamohara, O.; Artar, A.; Geisbert, T. W.; Connor, J. H.;
Altug, H. Nano Lett., 2010, 10, 4962–4969.
10. Lyu, Y.-K; Lim K.-R.; Lee, B. Y.; Kim, K. S.; Lee W.-Y. Chem. Comm., 2008, 47714773
11. Wang, J. J. of Pharm. Biomed. Anal., 1999, 19(1–2), 47–53.
12. Mohanty, N; Fahrenholtz, M.; Nagaraja, A.; Boyle; Berry, V. Nano Lett., 2011, 11 (3),
1270–1275

239

13. Lee, J. S., Joung, H.-A., Kim, M.-G.; Park, C. B., ACS Nano, 2012, 6, 2978-2982.
14. Kodali, V. K.; Scrimgeour, J. ; Kim, S. ; Hankinson, J. H.; Carrol, K. M.; de Heer, W.
A.; Berger, C.; Curtis, J. E.; Langmuir, 2011, 27, 863-865
15. Haynes, C; A.; Norde, W.; Coll. Surf., B., 1994, 2, 517-566.
16. Roach, P.; Farrar, D.; Perry, C. C., J. Am. Chem. Soc., 2005, 127, 8168-8173
17. Nakanishi, K.; Sakiyama, T.; Imamura, K. J. Biosc. Bioeng., 2001, 91, 233-244.
18. Zoungrana, T.; Findenegg, G. H.; Norde, W., J. Colloid InterfaceSci., 1997, 190, 437448.
19. Haynes, C. A. ; Norde, W., J. Colloid InterfaceSci., 1995, 169, 313-328.
20. Katoch, J.; Nyon, S. N.; Kuang, Z.; Farmer, B. L.; Naik, R. R.; Tatulian, S. A.;
Ishigami, M., Nano Lett., 2012, 12, 2342-2346
21. Mann, J. A.; Rodríguez-López, J. ; Abruña, H. D. ; Dichtel, W. R. ; J. Am. Chem. Soc.
2011, 133, 17614-17617.
22. Rodríguez-López, J. ; Ritzert, N. L. ; Mann, J. A.; Tan, C.; Dichtel, W. R.; Abruña, H.
D.; J. Am. Chem. Soc., 2012, 134, 6224-6236.
23. Mann, J. A.; Alava, T.; Craighead, H. G.; Dichtel, W. R. Angew. Chem. Int. Ed.,
Accepted for publication. DOI: 10.1002/anie.201209149
24. Li, X.; Cai, W.; An, J.; Kim, S.; Nah J.; Yang D.; Piner, R.; Velamakanni, A; Jung, F.;
Tutu, E.; Banerjee, S. K.; Colombo L.; Ruoff, R. S., Science, 2009, 324, 1312-1314.
25. Abergel, D. S. L.; Russel, A.; Falko, V. I., App. Phys. Lett., 2007, 91, 063125 063125-3.
26. Goldstein, I. J.; Hollerman, C. E.; Merrick, J.M., Biochim. Biophys. Acta, 1965, 97 ,
68-76.

240

27. Sugisawa, H.; Edo, H., J. Food Sci., 1996, 31, 561–565.
28. Brownlee, M.; Cerami, A.; Science, 1979, 206, 1190-1191.
29. Qiu, Y.; Park, K.; Adv. Drug. Deliver. Rev. , 2001, 53, 321-339.
30. Chatterjee, A.; Mandal, D. K.; Biochim. Biophys. Acta, 2003, 1648, 174-183.
31. Diniz, F. B.; Ueta, R. R.; Electrochim. Acta, 2004, 25, 4281-4286.
32. Mielczarski, J.A.; Dong, J.; Mielczarski, E. ; J. Phys. Chem. B, 2008, 112, 5228-5237.
33. Gallinet, J.-P.; Gauthier-Manuel, B.; Eur. Biophys. J. , 1993, 22, 195-199.
34. Archambault, J. G.; Brash, J. L.; Coll. Surf. B Biointerf. , 2004, 25 (1-2), 9-16.
35. Gümüşderelioğlu, M.; Agi, P.; React. Funct. Polym., 2004, 61, 211-220.
36. Buttry, D., Electroanalytical Chemistry, Eds.: Allen Bard, Marcel Dekker, 1991, 2333.
37. Geelhood, S. J.; Frank, C. W.; Kanazawa, K., J. Electrochem. soc., 2002, 149, H33H38.
38. Höök, F.; Rodahl, M. ; Kasemo, B ; Brzezinski, P. , Proc. Natl. Acad ; Sci., 1998, 95,
12271-12276.
39. Rodahl, M. ; Höök, F. ; Fredriksson, C. ; Keller, C. A. ; Krozer, A. ; Brzezinski, P. ;
Voinova, M ; Kasemo, B . Faraday Discuss., 1997, 107, 229-246.

241

40. Iyeri, R. N.; Goldstein, I. J. Immunochem. 1973, 10, 313– 322
41. Auge, J.; Hauptmann, P; Hartmann, J.; Rösler, S.; Lucklum, R., Sens. and Act. B :
Chem., 1995, 24-25, 43-48.
42. Yuan, Y. J.; van der Werff, M. J.; Chen, H.; Hirst, E. R.; Xu, W. L.; Bronlund, J. E.,
Anal. Chem., 2007, 79, 9039-9044.
43. Johansson, T.; Affinity Measurements Using, Quartz Crystal Microbalance (QCM),
Springer: Berlin Heidelberg, 2010, 683-693.
44. Goldstein, I. J.; Hollerman, C. E.; Merrick, J.M., Biochim. Biophys. Acta, 1965, 97 ,
68-76
45. Doyle, R. J.; Birdsell, D. C., J. Bacteriol., 1972, 652-658.

242

APPENDIX FIVE

243

Table of Contents
A. Quartz Crystal Microbalance Data Treatment

245

B. Additional Quartz Crystal Microbalance Resistance Data

246

C. Estimation of Surface Coverage for Con A Immobilization On QGCM

247

D. Polymerization of α-D-glucose

248

E. Graphene Analysis by Raman Spectroscopy

249

F. Fluorescence Microscopy Images and Cell Counting Method

251

G. Motional resistance data for PαDG binding experiment

253

H. AFM characterization of NHS-tripod monolayer

253

I. Supplementary references

254

244

A. Quartz Crystal Microbalance Data Treatment :
The QCM data for resonance frequency and motional resistance were processed to
remove baseline drift and external vibrations artifacts as described below. Figure A5.1 shows
the two modifications made to the raw data. Baseline drift was assessed by observing the
evolution of the resonant frequency and motional resistance of the QCM under a flow of PBS
1X solution at 30 μL/min. The QCM flow cell was immersed in a controlled temperature
water bath set at 27 ºC. The PBS 1X solution was flowed for at least 1 h prior to the
experiment. Under these conditions, the QCM response stabilized to exhibit a constant linear
drift within 30 min, before which it exponentially approaches this constant drift. Thus,
allowing the GQCM to stabilize for an appropriate period of time resulted in a constant drift
over the course of the experiment. This baseline drift was measured after the signal had
stabilized and before introducing the reagents required by the experiment.
External vibration artifacts are perturbations that cause a sudden, limited in time,
short-duration (<30 s) discontinuities in the QCM response. These artifacts appear as sharp
spikes in the mean path of the resonance frequency or motional resistance signal and are
caused by external mechanical perturbations to the resonating system, such as handling the
tubes connected to the fluidic cell when switching from one reagent to another. These artifacts
were removed from the processed QCM response, as illustrated in the upper right and lower
left portions of Fig. S1, respectively.
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Figure A5.1. Processing of the raw QCM responses used in this study is comprised of two
steps: baseline drift cancellation and external mechanical vibration caused artifacts.
B. Quartz Crystal Microbalance Motional Resistance:
Before each recording of resonance frequency changes and motional resistance change
of the vibrating quartz, the parasitic capacitance C0 (representing the sum of the static
capacitances of the crystal’s electrode, holder and connector capacitance) is cancelled using
the manufacturer’s included nulling system (SRS, QCM200). Under this condition, changes in
the equivalent series resistance of the vibrating quartz provide insight into the viscoelastic
properties of the adsorbed layer, similar to the dissipation technique.1 This latter technique is
based on monitoring the exponential decay of the quartz oscillation amplitude upon
disconnecting the actuation circuit. This technique is a promising method to study the
viscoelastic properties of biomolecular thin films deposited on the QCM2,3. Studies have
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shown that the rigorous cancellation of the quartz static capacitance implies a good agreement
between results obtained using the dissipation technique and monitoring of the quartz
equivalent series electrical resistance,4 here referred to “motional” resistance.
C. Estimation of Concanavalin A Surface Coverage on the GQCM :
Conacanavalin A adopts a tetramer configuration5 under our experimental conditions
(four monomers with one binding site each for pH>5.5) with a hydrodynamic radus of 3.57
nm.6 To estimate the adsorbed mass of Con A that corresponds to monolayer coverage, we
assume a spherical conformation of this radius. We next determine the coverage for
monolayers of two different densities (Figure A5.2). These calculations are summarized in
Table A6.1. These estimates are consistent with the formation of approximately 1-2
monolayers of protein during the graphene functionalization procedures.

Figure A5.2. Schematic description of two models used to estimate the surface coverage of
graphene-immobilized Concanavalin A. The red dotted square represents the equivalent
surface occupied by respectively two protein units (left image) and one protein unit (right
image)
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Surface coverage estimation according different arrangement scenarios
GQCM functionalization

Arrangement model

Con A adsorbed on bare SLG

Con A attached to NHS-tripod

Monolayers

Model 1

0.85

Model 2

2.05

Model 1

0.75

Model 2

1.70

Concanavalin A tetramer hydrodynamic radius : 3.57 nm 5

Table A5.1. Estimation of the number of Concanavalin A layers formed on the GQCM for
each functionalization method, based on the active area of the GQCM, the adsorbed mass of
Con A, and its hydrodynamic radius.
D. Polymerization of α-D-glucose.
α-D-glucose (100 mg/mL) was polymerized in PBS 1X (10 mM, pH 7.3) at 150 °C for
2.5 h with intermittent stirring. The final solution was brown in color and was dissolved in
PBS 1X at a 1:2 ratio and was stored at 4°C. This protocol was adapted from a similar
procedure for the thermal polymerization of glucose (caramelization) described by Golon et
al.7 A qualitative description of byproducts from thermal polymerization of glucose can be
found additionally in Sugisawa et al.8 These products include several mono-, di- and oligosaccharides containing α-D-glucopyranosyl groups, for which Concanavalin A has a strong
affinity.9 For example, polysaccharides incorporating Kojibiose, Sophorose, Nigerose,
Laminaribiose or Cellobiose contain one or more α-D-glucopyranosyl groups that are
recognized by Con A.
We analyzed the composition of our PαDG solution by matrix assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrometry (Figure A5.3), which
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indicated a complex mixture of oligosaccharides predominantly comprised of di-, tri-, and
tetrasaccharides. This finding is consistent with that reported by Golon et al.7

Figure A5.3. MALDI-TOF MS of the PαDG solution
E. Graphene Analysis by Raman Spectroscopy :
We characterized the uniformity of the graphene samples by Raman spectoscopy,
which confirmed its single layer nature, as shown by the ratio between the G band peak (~
1586 cm-1) to the 2D peak (~ 2695 cm-1), I(G)/I(2D)<0.5, and a narrow, single Lorentzianlike 2D band (FWHM ~33 cm-1). 10 Figure A5.4, S5, and S64 present Raman spectra of the
graphene before and after transfer: as produced on copper foil, transferred on SiO2/Si wafer,
and tranferred on quartz crystals (thus supported by the gold top electrode of the quartz
crystal). Figure A5.7 shows representative Raman spectra from various areas of the film
(indicated in inset optical micrograph), demonstrating uniformity over a large area.
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Figure A5.4. Raman spectrum of SLG as assembled on Cu foil.

Figure A5.5. Raman spectrum of SLG as transferred on top of the QCM crystal (the
background contribution is from the Au contacts on the quartz top electrode).
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Figure A5.6. Raman spectrum of SLG as transferred onto a Si wafer coated with 280 nm
SiO2.

Figure A5.7. Raman spectra of SLG transferred onto SiO2/Si substrates. The inset shows a
photograph of the graphene sample with colored circles that indicate the location of the four
Raman spectra.
F. Fluorescence Microscopy Images And Cell Counting Method :
A nucleic acid staining procedure was used to determine the Bacillus subtilis cell
density on various functionalized SLG substrates. Bright field and fluorescence micrographs
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were overlayed to confirm that each counted unit corresponded to a bacterial cell. As
described in the mansucript, when conjugated to the tripodal monolayer, Con A shows the
expected selective binding of carbohydrates, including those on the cell walls of Bacillus
subtilis cells. For the Con A/tripod films, analysis of the Bacillus subtilis fluorescence
micrographs revealed the formation of aggregates of up to 15 agglutinated cells (Figure
A5.8b). The large number and the size of aggregates observed in this case is also consistent
with normal Con A function, as Con A-mediated agglutination of other biological organisms
has been reported in litterature. 11,12

Figure A5.8. A) Representative fluorescence micrograph of Bacillus subtilis cells deposited onto a
Con A/tripod film on SLG. The cells are stained with propidium iodine nucleic acid stain. B)
Representative fluorescence micrograph at higher magnification, indicating the formation of Bacillus
subtilis aggregates observed for Con A/tripod films. C) Representative fluorescence micrograph of
Bacillus subtilis cells deposited onto a Con A film adsorbed to bare SLG.
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G. Motional Resistance Data For PαDg Binding Experiment :

Figure A5.9. Changes in the motional resistance of the GQCM upon introducing PαDG to bare SLG
(purple), Con A adsorbed on bare graphene (green), Con A bound to tripod (orange), and denatured
Con A bound to tripod (cyan).

The largest changes in motional resistance upon PαDG introduction are observed for Con
A bound to the NHS-tripod, which suggests greater modification of the viscoelastic properties
of these films (Figure A5.10). The magnitude of the relative frequency shifts is too large to
correspond to the mass of bound PαDG. We attribute this non-Sauerbrey response of the
resonance frequency to changes in Con A aggregation state upon binding, a phenomenon
noted before for both Con A13 and other proteins.14

H. AFM Characterization of NHS-Tripod Monolayer :
Figure A5.11 shows an AFM images of a self-assembled monolyer (SAM) of NHStripod on single layer graphene. In order to characterize properly the monolayer uniformity,
the formation of the NHS-tripod SAM has been realized here on top of a single layer of
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graphene produced by mechanical exfoliation of Highly Ordered Pyrolytic Graphite (HOPG).
The image show uniform topology confirming the uniformity of the NHS-tripod SAM.

Figure A5.10. Representative AFM image of a self-assembled monolayer of 3 on freshly cleaved
highly ordered pyrolytic graphite (HOPG)
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