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The progress in the investigation of carbon nanotubes, NT, is
growing on a nearly daily basis. NTs are now proposed for
innumerable applications in a process that is accompanied by a
constantly increasing understanding of many of their propetties.
Difficult issues, such as their processibility in liquid phases, are
being overcomé3? In particular, the technique developed in our
laboratories yields functionalized NTNT, see Figure 1, with a
solubility as high as 50 g 1t'? through the attachment of

pyrrolidines to the external wall of NT. Two mgjor issues Witr_‘ Figure 1. Partial structure of functionalized NT-NT) used in this work.
f-NT, thus far unsolved, are the nature of their bulk electronic

properties and to what extent they retain those of pristine NT. Here =~ -20 7 1
we address these questions by a combination of electrochemical =0 ] b
measurements and quantum chemical calculations. ] 2.0 - !
Figure 2a shows the cyclic voltammetric (CV) curve in reduction £ 1.0 - E 1 'f
obtained in a saturateBNT solution of tetrahydrofuran, under § § 0] j
highly aprotic conditions at a platinum disk electroade={ 62.5 = . ~ 0.0 - ~>
um). The curve displays a continuum of diffusion-controlled
cathodic current, with onset at—0.5 V, which is attributed to the 0 10 5
reduction off-NTs (compare background current in red). The broad ' ! ! ' oot ool
shoulder at-2.9 V corresponds to an irreversible reduction, likely 00 10 E;er'o =0 2010 ?5?\; o 20
due to the chemical degradation of multiply redudedT. An 30 042 —
analogous irreversible CV behavior was found under similar c 1 d
conditions with fulleropyrrolidine & bisadducts. ] -0.08 -
Figure 2b extends the CV curve with a smaller electrade( 20 7 % oon ]
12.5um). Oxidation beyond 1.8 V triggers electrode fouling and g g -
causes the trace crossing observed at 1.45 V, between the forwarté -1.0 1 = 0.00
and backward positive scans, and the large decrease of cathodic
current in the second scan toward negative potentials (blue line). o0 — 0.04 ]
This behavior is ascribed to the formation of a film, of possibly — 0.08 4 : ; | |
decomposedtNT on the electrode, through which electron transfer 20 10 ME ”;1,0 20 -30 10 05 E‘:'_)\}n 05 -10

is hindered. The passive layer is then effectively removed from

the electrode surface by scanning the potential beyond.8 V Figure 2. CV curves of saturated f-NTs, 0.01 M tetrabutylammonium
(Figure 2b, blue line). The steady-state curve of Figure 2b is stable hexafluorophosphate, THF solution 1.67 mg ThLv = 0.5 V/s, T = 25
on repetitive potential cycling over long time periods. °C: (a) working electrode is Pt disk & 62.5um); (b) working electrode

- ; is a Pt disk withr = 12.5um. In blue, the second scan toward negative
Figure 2c shows that the further reduction of the electrode potentials after the positive scan up to 1.8 V; (c) working electrode is a Pt

dimensionsi(= 5um) does not result in a current density increase. disk withr = 5 um; (d) working electrode is a gold electrode (area: 0.5

Since decreasing the electrode size greatly enhances the masen®) derivatized with a dodecanethiol self-assembled monolayer. In (a) and
transport rat€,one must conclude that current has reached its kinetic () the red curve corresponds to the response of the blank supporting
limiting value in the conditions of Figure 2, b and ¢ electrolyte solution. Potentials are measured vs silver quasi-reference

. . . . . electrode: cathodic (negative) currents correspond to reduction (transfer
Figure 2d, together with the comparison with Figure 2, b and ¢, fom the electrode to the NT), while anodic ones (i.e., positive) correspond

proves that the presence of a self-assembled monolayer of dodeto oxidation (transfer from the NT to the electrode).
canethiol on a Gold electrofl@loes not modify the CV curve.
However, the presence of the organic monolayer slows down the
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purely electron transfer, which is therefore the sole responsibility
for the signal (corrections for the effect of diffusion is carried out
using standard convolution technigfes

10.1021/ja039918r CCC: $27.50 © 2004 American Chemical Society
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- T 14f ' ' S NT surfaces, is one group in 100 carbon atoms of theNror
o 0.04-\\\ ] 12 ] each NT of the 39 NT, the random functionalization was repeated
'g 000l x\\ ] "’ls: [k until the average DOS converged. Figure 3b shows the weighted
*é T 8 o Ji sum of the DOS of thé-NT, and compares it with the result for
S04 \ ] afi /] pristine NT. For the weights, see Supporting Information. The bulk
008 . "-_i\- 2 M”&I. — /IJ/ 1 DOS is not strongly affected by the chemical modification and
05 co\F 05 - 03 ] ct{{ I 2 shows the presence of filled, i.e., metallic states. While this is in

) ) ) ) ] agreement with the previous discussion, an important feature of
Figure 3. (a) Comparison of the experimental current (red line) of Figure the DOS off-NT is the smoothing of the peaks that appear upon
2d with the calculated current (black line) for pristine NT; (b) comparison . f th . b h
of the averaged DOS for pristine (black line) and functionalized NT (red 2v€raging of the pristine NT DOS at abo#0.5 eV. They are
line). The DOS units are normalized to the states of C atom. The energy related to the van Hove singularities between which electronic
level in Figure 3a is measured with respect to the Ag quasi-reference transitions take place. Experimentally (see Figure 3 of ref 2a) this
electrode, that is-—4.7 eV with respect to the energy of a free electronin 555 off-NT shows a rather flat near-infrared spectrum, which
a vacuum. agrees with the calculated smearing of the DOS.

] o ) In conclusion, we have shown that electrochemistry and quantum
Several points are worth emphasizing: (i) The present electro- chemical simulations can be used to investigate the bulk electronic
chemical measurements differ at a fundamental level from those properties of a class ¢fNT. Functionalization obviously modifies
obtained by scanning tunneling microscéfecause they reflect  the electronic state of pristine NT, for instance, the low lying
average collective values rather than sinGNT properties. (i) electronic transition3However, the present work shows that (some)
The nonzero slope where the CV behaviof-fT switches from  etal character is retained and that the overall electronic density

cathodic (elegtron transfer to empty _stgtes) to anodic (electron of states is not strongly affected when the functionalization is carried
transfer from filled states) at—0.05 V is indicative of the presence oyt on the NT through the formation of pyrrolidine rings.

of metallic behavior. In turn, this indicates that functionalization
does not strongly modify the bulk or averaged electronic structure
of the NT. Notice that, at least for another clas§-NfT, the metallic
tubes react preferentially and should therefore be the most affected.
(iii) The purely electronic current is related to the electronic density

of states, which can be calculated quantum chemically and used X o
for a comparison to understand the modifications introduced by Energy Sciences of the U.S. Department of Energy (Contribution

. N No. NDRL-4503 from the Notre Dame Radiation Laboratory).
functionalization.

Indeed, in the condition of the experiments, the currentan Supporting Information Available: Experimental and computa-
be calculated from the electronic density of stétes tional details plus the complete list of NT used in the calculation of
the density of states together with some of their characteristics.
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