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Single-walled carbon nanotubes (SWNTs) have received much
attention due to their unique electronic and mechanical properties
and their promise as building blocks for advanced materials and
electronic devices.' * Functionalization of SWNTs has been a
strategy widely employed to modulate the properties and behavior
of SWNT materials and devices, and a variety of chemical
methodologies have been used to accomplish this.>~'? In this work,
electrochemical techniques were used to examine the functional-
ization, facilitated by noncovalent 7—s stacking interactions, of
SWNTs with the pyrene-terminated cobalt(I) terpyridyl complex
shown in Figure 1A. Not only does this work demonstrate a new
system for the controllable functionalization of SWNT surfaces,
but the electrochemical analyses described, unlike the spectroscopic,
thermogravimetric, scanning probe and electron microscopy tech-
niques often used to investigate these systems,” ' permit real-
time in situ monitoring of the adsorption process without the
complications and overhead that accompanies the fabrication and
use of single-tube devices .

The synthesis and characterization of [Co(tpy~py).]*", as well
as the investigation of its adsorption on glassy carbon, has been
described elsewhere.'® To examine the functionalization of
SWNTs with [Co(tpy~py).]>", it was first necessary to devise an
electrochemical setup where the carbon nanotubes would serve as
the working electrode in a standard three-electrode cell. A home-
built platinum working electrode, encased in glass, was polished
and then heated to approximately 200 °C by wrapping the end of
the electrode with heating tape. A 50 uL aliquot of an aqueous
suspension of SWNTs (Nanolntegris PureTubes) was then dropped
onto the hot Pt surface, and the water was evaporated, leaving a
film of SWNTs adhered to the metallic electrode. The electrode
was then rinsed with methanol to remove the proprietary surfactant
used to disperse the nanotubes.'” An AFM image of such a film of
SWNTs, prepared on a silicon substrate, can be seen in Figure 1B
and indicates that a dense, intertwined mat of carbon nanotubes,
with minimal catalyst particles, is the result of this process. Since
the SWNTs are in contact with each other and with the Pt electrode
surface, this mat can act as an extension of the Pt working electrode.
In Figure 1C, cyclic voltammograms (CVs) of neat supporting
electrolyte and of 20 uM cobalt(Il) bis (terpyridine) (without the
pyrene functionality that can facilitate adsorption) at both a bare
Pt working electrode and at a SWNT-coated Pt working electrode
can be seen. The redox wave shown is that for the Co(II/II)
oxidation/reduction process. As the SWNT sample used contained
both metallic and semiconducting nanotubes, and because the points
of contact between SWNTs are not necessarily ohmic, some
uncompensated resistance would be expected and the “tilt” of the
CV for the SWNT-coated electrode shown in Figure 1C is reflective
of this."® A AE,.. of approximately 90 mV indicates that this
system is not completely Nernstian,'® consistent with a working
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Figure 1. (A) Cobalt bis (4-Pyren-1-yl-N-[5-([2,2";6",2" ]terpyridin-4’-
yloxy)-pentyl]-butyramide) ([Co(tpy~py).]*"). (B) Noncontact mode
atomic force microscope image (3 x 3 um) of SWNTs dispersed on
silicon substrate. (C) CVs of 0.1 M tetra-n-butylammonium hexafluo-
rophosphate (TBAH)/CH3;CN and of 20 uM [Co(tpy),]*" in (TBAH)/
CH;CN at bare Pt and SWNT-coated Pt working electrodes; all with a
potential sweep rate of 100 mV/s.

electrode that is composed of a network of imperfectly connected
SWNTs where swift and facile electron transfer is unlikely.
Nevertheless, it is clear that a well-defined electrochemical
response can be obtained from this SWNT electrode. A comparison
of the anodic peak current of the Co (II/III) redox process, at the
bare and at the SWNT-coated electrode, indicates that the electro-
chemically active surface area of the SWNT-coated Pt electrode is
approximately 8 times larger than that of the platinum surface.'®
This is the result of a significant quantity of SWNTs functioning
as a working electrode, and it is clear that the electrochemical
response observed from such an electrode can be primarily
considered reflective of processes occurring at the surface of
SWNTs. While the possible role of catalyst particles in the observed
electrochemical response cannot be ignored, their miniscule surface
area compared to that of the SWNTs and their lack of well-defined
redox chemistry in the potential window of interest make it highly
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Figure 2. Overlaid cyclic voltammograms of 5 uM [Co(tpy),]** and 5
uM [Co(tpy~py)]*", each in 0.1 M TBAH/CH;CN at the same
SWNT-coated Pt working electrode with a potential sweep rate of 100
mV/s.

unlikely that they would contribute in a meaningful way to the
observed electrochemical signals. Further, instrumental neutron
activation analysis of the SWNT material, commissioned by
Nanolntegris, has shown that there is considerably less than 1%
by mass of any potential catalyst impurities remaining in the
SWNTs."”

To examine the adsorption of [Co(tpy~py).]*" on SWNTs, a
SWNT-coated Pt electrode was first placed into a 5 M solution
of [Co(tpy),]** in 0.1 M TBAH/CH;CN. After soaking for 2 h, the
cyclic voltammogram, shown in black in Figure 2, was obtained;
the relatively small current is due to the low concentration of the
analyte. The electrode was then removed from this solution, rinsed
with copious amounts of CH;CN and placed into a 5 M solution
of [Co(tpy~py)2]*>* in 0.1 M TBAH/CH;CN. After soaking for
2 h in this solution, the cyclic voltammogram shown in blue in
Figure 2 was obtained. Despite the concentrations of each analyte
being the same, the current response for [Co(tpy~py).]*" was
almost 10 times greater than that for [Co(tpy),]*t. Additionally,
the AE, for [Co(tpy~py).]** was less than 20 mV (compared
with 90 mV for [Co(tpy),]*>"), giving a strong indication that the
[Co(tpy~py).]*t was specifically adsorbed to the surface of the
SWNTs."

Using the Randles—Sevcik equation and the previously
measured diffusion coefficient of [Co(tpy),]*', the surface area
of the SWNT electrode and subsequently the coverage of
[Co(tpy~py).)*" on the surface of the SWNTs was deter-
mined.'®'®'® For the CV shown above, the coverage of
[Co(tpy~py),]*" is estimated at 1.0 x 107'° mol/cm?. As the
[Co(tpy~py).]*" complex is relatively large, the possibility of
it nonspecifically adsorbing onto all surfaces (including a bare
Pt electrode) was considered. In Figure 3 the experiment shown
above in Figure 2 was repeated at a bare Pt electrode. If
[Co(tpy~py).]** did not adsorb at all on platinum, the two CVs
in Figure 3 would be nearly identical. What is evident from the
size of the electrochemical response of [Co(tpy~py).]*" at a
platinum electrode is that there is some degree of adsorption.
However, the coverage of [Co(tpy~py),]*" on platinum, deter-
mined as described previously, was found to be only 2.1 x 107
mol/cm?, approximately a factor of 5 smaller than that on
SWNTs.
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Figure 3. Overlaid cyclic voltammograms of 5 uM [Co(tpy),]*" and 5
uM [Co(tpy~py).]**, each in 0.1 M TBAH/CH;CN at the same Pt working
electrode with a potential sweep rate of 100 mV/s.

This comparatively small degree of adsorption is suggestive of
a weak nonspecific interaction between [Co(tpy~py).]>" and the
platinum surface, and this is confirmed by the total disappearance
of any redox wave upon rinsing the electrode and placing it in fresh
supporting electrolyte.

It is well-known that the dependence of current on the
potential sweep rate is different for surface-confined redox
processes than for redox events resulting from material freely
diffusing in solution.'®'? Consequently, a set of experiments in
which the potential sweep rate varied was carried out using a
SWNT-coated Pt electrode that had soaked for 2 h in 5 uM
[Co(tpy~py).]*", to unambiguously demonstrate that
[Co(tpy~py).]*" was specifically adsorbed to the surface of the
SWNTs. Shown in Figure 4 are the results of this study, and
the linear relationship between the anodic peak current and the
potential sweep rate shown in the inset is the hallmark of a
surface-confined redox couple.'®

The increase in AE,.. with the increase of potential sweep rate
that can be observed in Figure 4 is indicative of kinetic barriers to
electron transfer.'®2° However, the kinetic limitations are more
likely related to the nonohmic, imperfect electrical connections
between the SWNTs serving as the working electrode than to
inherent barriers to electron transfer.

To demonstrate the power of the electroanalytical methodology
described herein, the adsorption of [Co(tpy~py).]*" on SWNTs
was monitored in real time by the acquisition of CVs at regular
time intervals after placing a clean SWNT-coated Pt electrode into
a 5 uM solution of the analyte. The amount of material adsorbed
to the SWNTSs was determined from the peak anodic current'® and
is shown in Figure 5. In the absence of surfactant (i.e., after
methanol rinsing), the adsorption is rapid and equilibrium coverage
is reached after approximately 1 h, but for electrodes that were not
rinsed to remove the surfactant, the adsorption process is very slow.
This observation emphasizes the importance of surfactant removal
and indicates how crucial the molecular details of the interface are
in such a noncovalent adsorption process.

In conclusion we have demonstrated that the complex
[Co(tpy~py).]*>*, with pendant pyrene functional groups that
enable t— stacking interactions, can specifically adsorb to the
surface of SWNTs. While this large and somewhat insoluble
complex also shows some adsorption on platinum electrode
surfaces, this interaction appears to be relatively weak and

J. AM. CHEM. SOC. = VOL. 131, NO. 48, 2009 17555



COMMUNICATIONS

6x1075 _ L L L ; :
[ T T | T 1 50 mVisec
= —— 400 mVisec
4x1074 600 mVisec
3 800 mVisec
E |
= 2x1074 o 07 04 08 08 I
i Potential Sweep Rate (Visec)
w
= - L
£
S 04 - s
(&) { /
-2x10° | L
-4x10° 4 L

08 06 04 -02 0 0.2
Potential vs Fc/Fc' (V)

Figure 4. Cyclic voltammetry of [Co(tpy~py),]*" adsorbed to SWNT-
coated Pt working electrode at a range of potential sweep rates. Supporting
electrolyte is 0.1 M TBAH/CH;CN, and plot of anodic peak current vs
potential sweep rate is shown in inset.
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Figure 5. Surface coverage vs time for 5 uM [Co(tpy~py).]* in 0.1 M
TBAH/CH;CN at SWNT-coated Pt electrode with and without surfactant
present.

nonspecific compared to the SWNT/[Co(tpy~py),]*" interaction.
Unlike many other approaches, the electrochemical techniques
employed in this work permit this adsorption process to be
examined in situ. Further, this electrochemical methodology is
robust and experimentally straightforward and can be used in
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any instance where a redox-active probe is a part of the moiety
used to functionalize SWNTs. Future work will involve cor-
relating the observed electrochemical response with Raman
spectroscopy, utilizing SWNT samples that contain exclusively
metallic or semiconducting nanotubes and examining the func-
tionalization of nanoscale SWNT field effect transistor devices.
Currently work is ongoing to examine both the kinetics and the
thermodynamics of adsorption, to enable deliberate and specific
functionalization, at arbitrary levels of surface coverage, of
SWNTs with pyrene-terminated transition metal complexes such

as [Co(tpy~py)2]*".
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