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ABSTRACT: Molecular grafting of diazonium is a widely
employed surface modification technique. Local electrografting
of this species is a promising approach to surface doping and
related properties tailoring. The instability of diazonium cation
complicates this process, so that this species was generated in situ
in many reported studies. In this Article, we report the egress
transfer of aryl diazonium cation across the liquid/liquid interface
supported at the nanopipette tip that can be used for controlled
delivery this species to the external aqueous phase for local
substrate patterning. An aryl diazonium salt was prepared with
weakly coordinating and lipophilic tetrakis(pentafluorophenyl)-
borate anion stable as a solid and soluble in low polarity media.
The chemically stable solution of this salt in 1,2-dichloroethane
can be used as “diazonium ink”. The ink-filled nanopipette was
employed as a tip in the scanning electrochemical microscope (SECM) for surface patterning with the spatial resolution
controlled by the pipette orifice radius and a few nanometers film thickness. The submicrometer-size grafted spots produced on
the HOPG surface were located and imaged with the atomic force microscope (AFM).

Significant current interest in surface modification and
patterning via diazonium grafting is due to important

advantages of this approach, including its high efficiency,
robustness, and chemical stability of the surface coating, flexible
strategies, and applicability to diverse substrates.1−5 The
covalently bonded films can be further modified for attaching
various nanoobjects, such as polymers, biomolecules, and
nanoparticles.2,3,6 Molecular grafting of diazonium on carbon
surfaces,7−10 e.g., nanotubes and graphene, has been employed
for tuning and tailoring the desired chemical and physical
properties with potential applications in biosensors and
molecular electronics.5

Aryl diazonium is a promising coupling agent for high-
resolution surface lithography.11 The reported approaches
include AFM scratching and filling,12 localized electrograft-
ing,13−15 particle template lithography,16,17 and microcontact
printing.18,19 The applications in scanning-probe lithography
would benefit from the availability of stable diazonium solution
that could be used for writing on surfaces.20,21 However, the
diazonium electrografting in aqueous solutions requires
strongly acidic pH, and in many reported surface modification
experiments it was generated in situ.1−4 Here we report the
preparation of “diazonium ink”, i.e., highly stable solution of
this species in a low polarity solvent from which it can be
delivered to the aqueous phase for localized surface
modification.
The scanning electrochemical microscope (SECM) is a

powerful tool for micro- and nanopatterning of surfaces.22 The
SECM equipped with a micro- or nanopipette tip has

previously been used for reagent delivery in applications
ranging from local electrodeposition of Ag23 to studies of
electrocatalytic processes24,25 and topography-corrected imag-
ing of surface reactivity.26 The SECM process involved either
passive diffusion of the reagent from the pipette to the external
solution (both inner and outer solutions were aqueous)24 or
partitioning of the neutral species across the interfaces between
two immiscible electrolyte solutions (ITIES27,28), organic phase
inside the pipette and aqueous external solution,24 or ion
transfer (IT) across the ITIES,23 or the combination of both
partitioning and IT.26,29 Two advantages of the IT-based
approach are a better control over the delivery process by
varying the applied voltage and the exact knowledge of the
amount of the released reagent from the charge passed though
the ITIES. Nanopipets have also been employed as scanning
ion-conductance microscopy (SICM) tips for reagent delivery
and surface patterning either in solution or in air.30−33 In the
conceptually similar scanning electrochemical cell microscope
(SECCM),34 the liquid meniscus formed between the pipette
tip and the sample was recently used for modifying carbon
surfaces with diazonium.15 The applications of this technique to
nanoscale patterning may be limited by the relatively large tip
size35 and unavoidable spontaneous grafting or chemisorp-
tion.14,36−38
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In this Article, we report a new approach to high-resolution
surface patterning based on the IT of diazonium from the
nanopipette (Figure 1). The pipette filled with 1,2-dichloro-

ethane (DCE) solution of aryl diazonium salt is used as an
SECM tip and positioned near the surface of highly ordered
pyrolytic graphite (HOPG) substrate. Diazonium cations are
expelled from DCE to the external aqueous solution by
applying voltage between the organic reference electrode inside
the pipette and the external aqueous reference. This species are
reduced electrochemically at the tip-facing portion of the
substrate, and the covalent bonding of the electrogenerated aryl
radicals produces a molecular multilayer film.1,2,4 Unlike
electrochemical deposition of metals and conducting polymers,
diazonium electrografting is a self-limited process in which the
electron transfer between diazonium species and the substrate
is gradually blocked by the growing film.39 Thus, the local
electrografting process shown in Figure 1 can yield a few
nanometer thick film, and the size of the produced spot is
determined by the radius of the pipette orifice (a) and the tip/
substrate separation distance (d).22

■ EXPERIMENTAL SECTION
Chemicals and Materials. 1,2-Dichloroethane (DCE,

spectroscopic ≥98%), 4-nitroaniline (98%), hydrochloric acid
(HCl, 37%), sodium nitrite (NaNO2, 98%), bis-
(triphenylphosphoranylidene)ammonium chloride (BACl,
98%), potassium tetrakis(pentafluorophenyl)borate (KTB,
95%), acetonitrile (spectroscopic 99%), acetonitrile-d3, and
diethyl ether (ACS agent, ≥ 99.0%) were received from Sigma-
Aldrich and used without further purification. Highly oriented
pyrolytic graphite (HOPG; ZYB grade) was obtained from K-
Tek Nanotechnology, and quartz capillaries were from Sutter
Instruments Co. Bis(triphenylphosphoranylidene)ammonium
tetrakis(pentafluorophenyl)borate (BATB) was prepared by
metathesis of 1:1 mixtures of BACl and KTB in methanol−
water mixtures (v/v = 2:1) followed by recrystallization from
acetone.40 To prepare a Ag/AgTB reference, the compact layer
of AgTB was slowly deposited onto a precleaned Ag wire by
constant-current electrolysis in 0.01 mM KTB methanol/water
(1:1) solution.29

Synthesis and Characterization of 4-Nitrobenzene-
diazonium Tetrakis(pentafluoro)borate (NBD-TB). The

synthetic process included the in situ generation of aryl
diazonium cation followed by its precipitation with tetrakis-
(pentafluorophenyl)borate (TB) anion. Briefly, 100 mM 4-
nitroaniline was solubilized in 0.5 M aqueous HCl, to which
100 mM NaNO2 (1 equiv) was slowly added and stirred to
generate in situ the aryl diazonium solution. The mixture was
degassed with argon flow and left to react for about 30 min at 0
°C. Then, 100 mM KTB in the ice-cold 0.5 M HCl was added
dropwise to the prepared diazonium solution while stirring. In
30 min, the precipitate was collected by filtration, washed with
large amounts of ice-cold water and diethyl ether, and then
dried in air. The product was recrystallized from diethyl ether
and acetonitrile (2:1) mixture to obtain yellow needle-shaped
crystals.41 The purified diazonium salt was characterized by 1H
NMR measurements performed with an AVANCE 400 MHz
spectrometer (Bruker) in deuterated acetonitrile-d3 solvent
(Figure S1 and discussion in the Supporting Information). 1H
NMR (400 MHz, CD3CN): δ = 8.62 (d, 2H, CHarom), 8.71 (d,
2H, CHarom).

42

Unlike NBD-BF4, which can only be dissolved in relatively
polar solvents such as acetonitrile,17 the solubility of NBD-TB
in DCE was measured to be at least 24.1 mM at room
temperature. Figure 2 shows the UV−visible spectra of NBD-

TB in DCE solution in which 260 and 310 nm peaks
correspond to the absorption characteristics of NBD.42 The
two very similar spectra in Figure 2 obtained immediately after
preparing the solution (blue curve) and 6 h later (red curve)
indicate that NBD-TB is sufficiently stable in DCE for surface
modification experiments.

Nanopipette Preparation and Characterization. The
nanopipets were fabricated from quartz capillaries using a laser-
based pipette puller (P-2000, Sutter Instrument Co.), as
described previously.43 A suitable program was selected to pull
pipets with the short inner shaft, thus minimizing the internal
resistance. For DCE-filled pipets, the silanization was
performed using the previously described procedures26,44 to
render its inner wall hydrophobic. To improve the consistency
of the tip silanization, the pulled pipets were cleaned and
activated by air plasma for 10 min before silanization.45 The
plasma cleaning protocol was similar to that reported for
nanoelectrodes.46

A JEOL JEM-2100 transmission electron microscope (TEM)
with a relatively low electron beam voltage of 120 kV (reducing
charge/heat accumulating effects on the quartz layer) was used
to image nanopipets and determine geometric parameters.29

Figure 1. Schematic representation of surface patterning with a
molecular multilayer by SECM. Diazonium cations are transferred
across the ITIES supported at the nanopipette tip and diffuse to the
HOPG substrate, where they are reduced to form a surface film.

Figure 2. UV−visible spectra of NBD-TB in 0.1 g/L DCE solution.
The spectra were recorded immediately (blue curve) and 6 h after
dissolving NBD-TB in DCE (red curve).
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Instrumentation and Procedures. For IT voltammetry, a
pulled pipette was backfilled with DCE solution using a 10 μL
syringe and immersed in aqueous solution. A 0.25 mm silver
wire coated with AgTB was put into each pipette from the back.
A two-electrode setup was employed with another 0.25 mm Ag
wire coated with AgCl serving as an aqueous reference
electrode. IT voltammograms were obtained in the cells
shown in Scheme 1 using a home-built SECM instrument.26

In surface patterning experiments, the four-electrode setup
was employed with a Pt wire serving as the counter electrode
and the Ag/AgCl electrode in Cell 3 used as the common
reference for biasing both the pipette tip and the HOPG
substrate. IT of TMA+ from the external aqueous solution to
the filling solution was used for the distance control, as
discussed previously.26,29 The nanopipette tip was first
positioned a few hundred micrometers above the HOPG
substrate using manual positioning stages. To avoid crashing,
this process was monitored with a long-distance video
microscope. Then, the tip was moved closer to the substrate
in the automated “surface hunter” mode until the current of
TMA+ transfer decreased by about 10%. A complete current−
distance curve was obtained during the subsequent fine
approach. To enable AFM visualization, the deposition was
performed within the 50 μm × 50 μm square produced on the
HOPG surface by gently scratching it with a sharp tungsten
needle.

■ RESULTS AND DISCUSSION

Diazonium Ink. The commercially available diazonium
salts, tetrafluoroborates, have poor solubility in a low polarity
solvent such as DCE that has to be used in IT experiments
(Figure 1).27,28 To enable IT based delivery, a lipophilic
diazonium salt was synthesized by pairing 4-nitrobenzenedia-
zonium (NBD) cation with tetrakis(pentafluoro)borate (TB)
anion (Scheme 2).
The frequently used 4-nitrobenzenediazonium tetrafluoro-

borate (NBD-BF4) is stable in the solid state. Compared to
BF4

−, the larger, more weakly coordinating TB− should form

highly stable diazonium solids.47−50 (See Figure S1 and related
discussion in the Supporting Information). The solubility of
NBD-TB in low polarity media and its stability in solution on
the experimental time scale of several hours are essential for our
surface modification procedure.

IT Voltammetry. To our knowledge, no studies of the IT of
diazonium across the liquid/liquid interface have yet been
reported. Two voltammograms in Figure 3a represent the
egress of NBD+ from the pipette filled with DCE solution into
the external aqueous phase (red curve; Cell 2 in Scheme 1) and
the ingress transfer of tetramethylammonium (TMA+) cation
from water to DCE (black curve; Cell 1 in Scheme 1) obtained

Scheme 1. Electrochemical Cells Employed in IT Experiments

Scheme 2. Molecular Structure of 4-Nitrobenzenediazonium
Tetrakis(pentafluoro)borate (NBD-TB)

Figure 3. Ion transfers of diazonium and TMA+ across the water/DCE
interface supported at the tip of a 76 nm-radius pipette. (a) Steady-
state voltammograms of the NBD+ transfer from the inner DCE
solution to the outer aqueous phase (red curve; Cell 2) and TMA+

transfer from water to DCE (black curve; Cell 1). (b) IT
voltammogram obtained with simultaneously present TMA+ and
NBD+ (Cell 3). (c) Time dependences of steady-state limiting
transfers of TMA+ (black; E = −0.4 V) and NBD+ (red; E = 0 V).
(a,b) Potential sweep rate, v = 50 mV/s.
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with two nearly identical pipets (the two halves of the same
pulled capillary). The radius of the pipette orifice can be
estimated from the steady-state limiting current of TMA+ using
eq 126

= *i FDc a4.64ss (1)

where F is the Faraday constant, D = 1.1 × 10−5 cm2/s51 and c*
= 1 mM are diffusion coefficient and bulk concentration of
TMA+ in the outer solution, respectively. The determined
radius, a = 76 nm was very close to the value obtained from the
TEM image of this pipette (Figure S2).
The diffusion limiting current of the NBD+ from the pipette

to the external solution (red curve in Figure 3a; Cell 2) is52

θ= *i Ff Dc a4 ( )d (2)

where f(θ) is a factor related to the pipette angle θ, c* is the
bulk concentration, and D is the diffusion coefficient of NBD+

in DCE solution. Equation 2 represents the maximum current
value, corresponding to the diffusion limited transfer of NBD+.
The flux of NBD+ actually delivered from the pipette to the
external solution can be effectively controlled by varying the
voltage applied across the ITIES. One should notice that the
mass transfer inside the pipette is significantly slower than in
the external liquid phase, and therefore, the IT current of
diazonium cation is lower than that of TMA+ despite the lower
concentration of the latter species.
Figure 3b shows a steady-state IT voltammogram obtained

with TMA+ present in the aqueous solution and NBD+ in DCE
(Cell 3). Because the half-wave potentials of NBD+ and TMA+

transfers are similar (cf. red and black curves in Figure 3a), this
voltammogram looks like a single wave with positive and
negative limiting currents. However, by applying a sufficiently
negative voltage between the internal and external reference
electrodes (e.g., −0.4 V), one can measure diffusion limiting
current of TMA+ without any contribution from the NBD+

transfer, while the current measured at 0 V is only due to the
transfer of NBD+. The possibility of quantitatively separating
these IT processes is important when the former is used for the
distance control and the latter for diazonium delivery (see
below).
SECM surface patterning is a relatively slow process. To

enable this application, both NBD+ and TMA+ transfer currents
must be stable on the experimental time scale of several
minutes.22 Ensuring that the current flowing across the nano-
ITIES remains constant within ∼1% during the patterning
process is not straightforward because the interface supported
at the nanopipette tip often exhibits instabilities. The most
common issue is the influx of water into the organic-filled
pipette whose inner wall is not sufficiently hydrophobic. This
problem stems from the heating and pulling of the pipette that
cause water condensation45 and dilution of the surface hydroxyl
groups, respectively. The low hydroxyl density on the pipette
inner wall results in its incomplete silanization and hence the
mechanically unstable ITIES. To resolve this issue, we put the
pulled nanopipets in a plasma cleaner for several minutes. The
plasma treatment is known to restore a high concentration of
hydroxyls on thermal silica surfaces.53 The hydroxyl groups
bond large amounts of silane molecules and render the pipette
wall uniformly hydrophobic. Figure 3c illustrates the high
stability of the current response after the improved silanization
of the pipette: neither TMA+ (black curve) nor NBD+ (red
curve) transfer current showed any measurable change during
the 3 min recording time. Although spontaneous adsorption of

diazonium may have occurred during this time period on the
inner wall of a nanopipette, the resulting layer apparently was
not sufficiently thick to affect the ion-transfer current.
By using a weakly coordinating and lipophilic anion,47−50 one

can prepare a number of other diazonium salts stable as solids
and soluble in low polarity media. The same synthetic approach
is suitable for different para-substituted aryl diazonium cations.
Figure 4 shows square-wave IT voltammograms of several in

situ generated diazonium cations transferred from water to
DCE (Cell 4 in Scheme 1). Although the para substituents in
diazonium cations affect their transfer potentials, the
voltammetric waves of all tested diazonium species, i.e.,
COOH- (black curve), NO2- (blue), Cl- (red), and Br-
substituted (green) in Figure 4, are within the polarization
window. Thus, all these species can be delivered via potential-
controlled IT from a nanopipette for surface patterning. The
transfer potential of the most hydrophilic COOH-substituted
species is close to the negative edge of the polarization window.

Surface Patterning by SECM. For local surface
modification, a pipette filled with diazonium ink has to be
brought within a close proximity of the substrate. This was
done by using a nanopipett as the SECM tip. Figure 5a shows
the approach curve obtained with a 245 nm-radius pipette tip.
The tip potential (ET) was kept at −0.4 V (Cell 3) at which the
TMA+ transfer was diffusion limited, while NBD+ was not
transferred to the outer solution. An excellent fit was obtained
between the experimental data (symbols) and theory (solid
line54) for negative SECM feedback using the a = 245 nm
determined by IT voltammetry and TEM imaging and RG =
1.45 (RG is the ratio of the outer pipette radius at the tip to a)
typical of quartz nanopipets.26 The distance of the closest
approach in Figure 5a is d ≈ 0.1a. Such a small distance is
advantageous for increasing the lateral resolution of surface
modification: the radius of the spot produced on the substrate
under such conditions should be comparable to the orifice
radius. However, positioning the pipette tip so close to the
substrate during surface patterning experiments can be
problematic because of the possibility of physical contact,
which is likely to damage the tip and contaminate the substrate.
Four submicrometer-sized grafted spots on the HOPG

surface labeled by red circles in Figure 5b were produced by
positioning the diazonium-filled pipette about one orifice radius
away from the substrate and then switching the ET from −0.4
to 0 V to stop the transfer of TMA+ and induce the egress

Figure 4. Square-wave voltammograms of diazonium cation transfers
from water to DCE in Cell 4. The para-substitutes (-R) in diazonium
cations are −COOH (black curve), -NO2 (blue), -Cl (red), and -Br
(green).
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transfer of NBD+ from the pipette. Simultaneously, the HOPG
substrate was biased at ES = −0.35 V for the electrochemical
reduction of delivered diazonium species. This substrate
potential provided a large driving force15,39,55 for the film
growth, as can be seen in Figure S3. After the 20 s deposition
time, the ET and ES were switched to −0.4 and 0.6 V,
respectively, to stop the diazonium release and the deposition
process at the substrate. Then, the pipette tip was retracted
from the HOPG surface and moved laterally by 5 μm to
produce the next spot. This way of patterning was chosen over
the continuous approach (e.g., drawing lines) to decrease the
chances of the pipette/substrate collision.

From the cross-section line in the AFM image (Figure 5c),
one can see that the thickness of the film grafted on the HOPG
substrate is 5−7 nm, in agreement with the previous results.39

Because the diazonium electrografting is a self-limited process,
a longer deposition time would not produce thicker films. On
the other hand, obtaining a thinner layer by decreasing the
grafting time should be difficult. The amount of NBD+

delivered from the pipette during 20 s with an IT current of
∼30 pA was ∼6 fmol. This is about 2 orders of magnitude more
than the amount of aryldiazonium contained in a 5 nm-thick,
0.5-μm-radius disk-shaped spot. Thus, to significantly decrease
the film thickness, one would have to use extremely low IT
current or/and very short deposition time. Moreover, it may
not be possible to visualize a surface feature significantly
thinner than 5 nm on the HOPG substrate by AFM.
The effective diameter of the disk-type spots is somewhat

larger than that of the pipette orifice because of the relatively
large separation distance maintained during the grafting
process. Clearly, one should be able to produce much smaller
surface features by decreasing both a and d. With the pipets
similar to those employed in recent SECM experiments,56,57

the attainable size of the deposited spot should be about 10 nm.
The main difficulty in producing such small surface features is
not the local delivery of diazonium but visualization. Because of
inevitable defects in graphite and contamination by electrolyte,
finding and imaging deposited spots much smaller than 1 μm
diameter formed on the macroscopic HOPG surface is
challenging.

■ CONCLUSIONS

We have demonstrated the possibility of controlled delivery of
the diazonium reagent by IT across the liquid/liquid interface
supported at the nanopipette tip. This approach can be used to
deliver a number of diazonium cations with different
substituent groups whose transfers occur within the polar-
ization window. Although NBD+ has been widely employed for
modification of graphite and other surfaces,17,58,59 using
different diazonium cations for electrografting is an important
goal for our future studies. An advantage of the IT-based
delivery is that diazonium can be dispensed locally from a
nanopipette with high spatial resolution and voltage-controlled
flux for substrate modification. Because diazonium cations
cannot spontaneously leak or partition from the pipette and
they are not dissolved in the external solution, the substrate
surface does not get contaminated by random adsorption or
electrografting of this species.
Weakly coordinating and lipophilic TB anion was used for

the first time to prepare an aryl diazonium salt that shows good
long-term stability as a solid and high solubility in low-polarity
media. The DCE solution of this salt is also stable and can be
used as “diazonium ink” for surface patterning. By filling a
nanopipette with this solution and using it as an SECM tip, we
produced a group of submicrometer-sized grafted spots on the
HOPG surface and visualized them by AFM imaging. The use
of smaller pipets and the improvements in visualization should
enable surface patterning with much smaller diazonium features
suitable for immobilization of single catalytic nanoparticles60

and other functionalized nanostructures.2,3,8−10

Figure 5. Diazonium delivery to HOPG surface by SECM. (a) The
experimental current vs distance curve (symbols) fitted to theory
(solid curve54) for a 245 nm-radius pipette tip approaching the
unbiased HOPG substrate. ET = −0.4 V. The current is normalized by
iss = −123 pA. (b) Noncontact mode AFM image of four spots
produced on the HOPG substrate. (c) Zoom in of one of grafted spots
(first from the right in part b). The red line corresponds to the shown
cross-section.
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