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G
raphene offers a combination of
useful properties found in no other
single material and has attracted

intense research interest since the isolation of
single-layer samples bymechanical exfoliation
in 2004.1 Both single-layer (SLG) and few-layer
graphene (FLG) exhibit exceptional con-
ductivity,2 high strength andflexibility,3 optical
transparency,4�6 and impermeability to atom-
ic and molecular species.7�9 Recent advances
in graphene production, most notably using
chemical vapor deposition (CVD) techniques,
provide high quality,10 large-area11 samples
that are readily transferred to arbitrary sub-
strates.12�17 SLG's increased availability and
exceptional properties have inspired the
development of general methods to interface
molecular18�27 and polymeric28�32 species to
its basal plane. These strategies are only now
emerging as compared to the established
self-assembled monolayer chemistries avail-
able for metallic (e.g., Au, Ag, and Pt), 33 metal
oxide (e.g., indium-doped tin oxide),34�36 and
Si electrodes.37 Covalent functionalization of
graphene has been achieved using diazonium

reagents,38�42 but these reactions occur pre-
ferentially at edges and defect sites43,44 and
degrade graphene's desirable properties at
high functionalization densities.45�47 Nonco-
valent functionalization avoids these undesir-
able features, which has motivated our efforts
to design compounds that form predictable
and robust self-assembledmonolayers onSLG.
We recently introduced a tripodal gra-

phene binding motif that binds multiva-
lently to the SLG surface through three
pyrene “feet”.48 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. The noncovalent interactions be-
tween the tripods and SLG permit molecular
diffusion over the surface, which was char-
acterized using scanning electrochemical
microscopy.49 Furthermore, tripod mono-
layers capable of protein bioconjugation
serve as effective anchors that preserve the
function of attached antibodies50 and lectin
proteins.51 In contrast, these proteins dena-
ture and lose their molecular recognition
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ABSTRACT Graphene is an atomically thin, transparent, and conductive

electrode material of interest for 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 utilize covalent bond formation, which disrupts the

graphene's π-electron system, from which most of its desirable properties arise.

We recently introduced a tripodal binding motif, which forms robust monolayers on graphene capable of immobilizing active proteins and preventing their

denaturation. Here we describe structure�property relationships for a series of tripod binding groups with “feet” of different sizes. Each derivative adsorbs

strongly (ΔGads≈�39 kJ mol�1) to graphene's basal plane, yet the resulting monolayers exhibit kinetic stabilities that vary over 2 orders of magnitude

and molecular densities that vary by a factor of 2. This study identifies phenanthrene as a superior anchor relative to pyrene 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 paradigm for designing effective graphene binding motifs.
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functions when adsorbed onto bare SLG or SLG func-
tionalized with a monolayer of monovalent pyrene
anchors. The above findings motivated us to improve
the tripod binding characteristics by exploring the
influence of different binding groups on their molec-
ular 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, they show
reduced resistance to desorption when exposed
to organic solvents 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 the binding area of naphtha-
lene tripods is too small to be of practical use for many
applications, although their packing density and sta-
bility are superior to those of single pyrene moieties. In
contrast, phenanthrene tripods offer a comparable
increase inmolecular density (1.43 times that of pyrene
tripods) and desorb only three times as quickly. As
such, phenanthrene tripods are likely to serve as ideal
binding groups for many applications. Comparisons of
the monolayer coverage and stability across the tripod
series and for the monovalent pyrene anchor are con-
sistent 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 the two compounds, suggesting that
the linker length may be selected based on synthetic

convenience. This work represents a significant step
forward in our understanding ofmolecular assembly on
the graphene basal plane and of the design criteria
required for the development of general bindingmotifs
for the noncovalent functionalization of SLG.

RESULTS AND DISCUSSION

We previously evaluated the coverage and kinetic
stability of the Co(tpy)2-functionalized pyrene tripod
1a 3 2PF6 and corresponding monopodal pyrene com-
plex 2 3 3PF6. The phenanthrene and naphthalene
tripods 1b 3 2PF6 and 1c 3 2PF6, respectively, derive
from a common alkyne precursor 3 (Scheme 1). Sono-
gashira 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 tripods 1a�c 3 2PF6.
The Co2þ complexes are paramagnetic, complicating
their characterization using NMR spectroscopy, but
oxidizing them to the corresponding Co3þ oxidation
state using AgPF6 provides readily characterized dia-
magnetic species (see Supporting Information for ex-
perimental procedures and molecular characterization
data). We also prepared two ferrocene-containing
pyrene tripods, 7a and 7b, with a variable number of
methylene spacers (4 or 1) between their pyrene
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 arbitrary feet and functional head
groups may be attached through orthogonal chemical
reactions.

Scheme 1. The synthesis of 1a�c 3 2PF6 and 7a�b
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Cyclic voltammetry (CV) at SLG working electrodes
[0.07 cm2 active area, see Supporting Information for
fabrication details; THF/n-Bu4NClO4 (0.1M) supporting
electrolyte] of each of the above compounds
(1a�c 3 2PF6, Supporting Information Figures S35 and
S36; 7a�b, Figures S37 and S38) showed behavior
consistent with electrode-bound redox couples. Com-
pounds 1a�c 3 2PF6 showed quasireversible electron
transfer kinetics with peak separations of their oxida-
tive and reductive waves (ΔEp) ca. 100 mV at potential
sweep rates of 0.1 V 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).52,53 All five complexes exhibited com-
plete chemical reversibility with 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 electro-
active area of the working electrode. We used CV to
construct adsorption isotherms by determining the
surface-bound molecular coverage as a function of
the solution concentration of compounds 1a�c 3 2PF6.
The isotherms were fit to the Langmuir model using
the equation Γ = ΓsKc(Kc þ 1)�1, allowing extraction of
the monolayer saturation coverage (Γs) and energy of
adsorption (ΔGads, Figure 1A). Each of the binding
groups exhibits a favorable ΔGads of ca. �39 kJ mol�1

(see Supporting Information Table S1), which is rela-
tively strong for noncovalently bound species. How-
ever, the tripods show substantial variation in their
saturation coverages. The pyrene tripod 1a 3 2PF6
reaches saturation at Γs = 74 pmol cm�2, correspond-
ing to a footprint of 2.3 nm2. The phenanthrene tripod
1b 3 2PF6, whose anchors contain one fewer aromatic
ring, achieves substantially higher saturation coverage
of Γs = 106 ( 6 pmol cm�2, corresponding to a
molecular footprint of 1.6 nm2. The naphthalene an-
chored tripod 1c 3 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 3 3PF6
reaches lower coverage than either 1b 3 2PF6 or
1c 3 2PF6 (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 themonolayers of 2 3 3PF6 show lower
than expected coverage based on the size of a single
pyrene moiety (≈ 0.7 nm2). This observation is consis-
tent 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 3 2PF6
and 2 3 3PF6.

48 Although the pyrenemonopod 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 1B). These findings demon-
strate that the multivalent tripod design is more effec-
tive than monovalent binding groups for organizing
dense functionality on the SLG surface.
The stability of the monolayers of each complex

shows a strong dependence on the size of its binding
group. 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 excess weakly bound molecules. After refilling
the electrochemical cell with blank electrolyte solution,
molecular desorption was quantified by performing

Figure 1. (A) Binding isotherms calculated from CV mea-
surements of the coverageof 1a�c 3 2PF6 at varying solution
concentrations. Each data point represents the average of
three measurements, and the error bars indicate one stan-
dard deviation from the average. (B) Plot of saturation
coverage as a function of the combined Connolly surface
areas of each binding group. This plot indicates that tripods
form dense monolayers corresponding to their binding
group size, while monofunctional pyrene binding group
2 3 3PF6 shows reduced saturation coverage for its size.
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periodic CVs for up to 12 h (Figure 2). Panels A and B
of Figure 2 show the resulting desorption curves for
1a�c 3 2PF6 and the monopodal model compound
2 3 3PF6 over the full time range and the first 25 min,
respectively. The pyrene tripod 1a 3 2PF6 is exception-
ally stable, as it retains 86% of its initial coverage after
12 h, corresponding with desorption rate constant
k = 3.5 � 10�6 s�1. The phenanthrene tripod 1b 3 2PF6
desorbs approximately twice as fast (k=7.0� 10�6 s�1),
the naphthalene tripod 1c 3 2PF6 desorbs approxi-
mately 200 times more rapidly (k = 6.2 � 10�4 s�1),
and the monovalent compound 2 3 3PF6 desorbs 1000
times faster (k = 1.4 � 10�3 s�1). The differences in
desorption rates exhibit a logarithmic relationship with
the combined Connolly surface areas of each binding
group (Figure 3), suggesting that the stability of future
PAH-based binding motifs may 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 resort-
ing to the use of giant PAHs, which generally showpoor

solubility and limited synthetic accessibility. Finally, it
should be noted that these desorption rates corre-
spond to infinite dilution conditions in good solvents
for the binding groups. We anticipate that desorption
will be slower in poor solvents for the tripod, including
aqueous solutions, perhaps mitigating the trade-off
between monolayer density and stability for tripods
with smaller feet.
We also evaluated the effect on the monolayer

coverage and stability to desorption of shortening
themethylene chains linking the feet to the tetrahedral
core. Ferrocene pyrene tripods 7a and7b both showed
saturation coverages of ca. 66 pmol cm�2, almost
identical to the Co(tpy)2 analog 1a 3 2PF6. These cov-
erages indicate that the anchor size, not the identity
of the pendant redox couple, largely determines the
molecular footprint and that the single methylene

Figure 2. (A) Fractional coverage (Γ/Γ0) of monolayers of
1a�c 3 2PF6 and 2 3 3PF6 over the course of 12 h after transfer
to a blank electrolyte solution (THF/0.1 M NH4ClO4); (B) an
expansion of the first 25 min of these desorption experi-
ments indicates thedifferences in stabilitybetween1b 3 2PF6,
1c 3 2PF6, and 2 3 3PF6 (1a 3 2PF6 not shown).

Figure 3. The rates of desorption of 1a�c 3 2PF6 and 2 3 3PF6
and the surface area available for binding to SLG exhibit a
logarithmic relationship consistentwith each tripodadopting
multivalent van der Waals contact with the SLG basal plane.

Figure 4. Fractional coverage (Γ/Γ0) of monolayers of 7a
(blue) and 7b (red) over the course of 12 h after transfer to a
blank electrolyte solution (THF/0.1 M NH4ClO4). These data
indicate similar desorption rates for ferrocone-containing
pyrene tripods with either 1 or 4 methylene groups between
their tetrahedral core and pyrene feet.

A
RTIC

LE



MANN AND DICHTEL VOL. 7 ’ NO. 8 ’ 7193–7199 ’ 2013

www.acsnano.org

7197

spacer does not affect monolayer density significantly.
7a and 7b desorb from SLG with rate constants of
1.1 � 10�4 and 2.5 � 10�4 s�1, respectively. These
similar values reflect a tolerance of the shorter linker,
and we conclude that the choice of linker length
between 1 and 4 methylenes (and perhaps longer)
may be guided by synthetic convenience rather than
binding properties (Figure 4). It should be noted that
7a and 7b both desorb more rapidly than 1a 3 2PF6,
which we attribute to the higher solubility (and there-
fore, more favorable solvent�solute interactions) of
the ferrocene complexes. These results indicate that
monolayer stability is not completely independent of
the headgroup, such that larger feet might be needed
to enhance monolayer stability as demanded by the
specific headgroup and solvent required by specific
future application constraints.

CONCLUSIONS

We have shown that tripodal motifs bearing various
aromatic anchors spontaneously form kinetically and
chemically stable monolayers on SLG from micro-
molar concentration solutions of organic solvents.

The tripodal motif anchors functionality on graphene
more efficiently thanmonofunctional anchors by form-
ing densely packed monolayers that resist desorption
effectively. By preparing and analyzing a series of
tripods with different anchor sizes, we demonstrated
a logarithmic relationship between anchor area and
desorption rate, as well as a linear dependence of
packing density on 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 length and the
redox-active headgroup indicated that the binding
characteristics are governed primarily, but not exclu-
sively, by the total surface area of the PAH anchors.
Together, these results provide a framework for de-
signing and benchmarking new graphene binding
motifs. Ongoing work will focus on utilizing tripodal
compounds in SLG-based devices and exploring
further modification of the tripod structures to en-
hance their binding characteristics while minimizing
the molecular footprint size. These binding groups will
provide the foundation for developing SLG as a useful
analytical and sensing platform.

METHODS
Material Characterization. Infrared spectra of solid samples

were recorded using a Thermo Nicolet iS10 FT-IR spectrometer
with a diamond ATR attachment. 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 400MHz spectrometer using a 1H/X
Z-PFG probe, a Bruker ARX 300 MHz spectrometer using a BBO
probe, a Varian INOVA 500 MHz spectrometer using a standard
1H(13C, 15N) Z-PFG probe, or a Varian INOVA 600 MHz spectro-
meter using a standard 1H(13C, 15N) XYZ-PFG probe with a 20 Hz
sample spin rate.

Electrochemical Characterization. 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 S1) that allowed
exposure of a controlled area of the graphene electrode
(Figure S2) (total area ca. 2 cm2, exposed area ca. 0.07 cm2).
The supporting electrolyte was NBu4ClO4 in THF (0.1 M), and
analysis was performed 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.16 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. Cyclic
voltammograms were recorded in analyte solution in every
case, except desorption experiments, which used supporting
electrolyte only.
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