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Single-wall carbon nanotubes (SWNTs) are promising materials () (b) (c) [ Hg

for future nanoelectronics technologies, with specific applications

as nanowire$ semiconductors for field-effect transistdend (bio)- %0 rim

chemical sensosmemory element$,etc. Chemical functional- )

ization of carbon nanotubes by attaching various substituents to | »I

side walls and oxidized ends has been extensively investigated, I

mostly with the aim to improve the solubility and processability of 10 —_

SWNTSs? Except for chemical doping effeétand suppressing the Cos o X=CoR

conductance via destruction of the conjugation by fluorindtmm

side-wall oxidatior? little is known about substituent-induced tuning  Figure 1. (a) Tapping mode AFM image of SWNT film on Au; (b) scheme
of the electronic properties of SWNTs (although significant of the AUSWNT/Hg contact; (c) scheme of the studied junctions.
modulation of the SWNT conductance, including rectifying be-

havior, by naturally occurring defects has been demonsfjated @ b ®ho]
the other hand, an asymmetric functionalization (AF) of a highly < .20 - /‘
polarizable SWNT with electron donor substituents at one end and & _,.., : £,
electron acceptors at the other should yield a highly dipolar molecule § 000 : j § _5_[
for which interesting electronic properties, including current
rectification, can be expected. Most recently, an AFfitiwall e , , , 0 i _
carbon nanotubes (in aligned films immobilized at a solveit e e v.arfl'gew e e Mmg'goewus "o
interface) was reported by Dai et al., but the resulting electronic (c) - {d) 1000 ‘)
properties have not been investigatéd. 400 500

Here we describe the first AF of SWNTs and demonstrate € 20 L
modulation of the current rectification by the modified nanotubes. § _mg_ § -500
Our synthetic strategy is based on a surface-confined reaction at & 4] © 1000
one end of the tubes (yielding a film of SWNTSs covalently linked -800; -1500
to the surface), followed by functionalization of the other end via 10 45 00 05 10 10 G5 00 05 10
solution chemistry. Specifically, purified SWNTs (produced by Votage !V . L vote=! ¥
HipCO method) were cut by sonication in a mixturgO#H,SO, Figure 2. IV characteristics of junctions (a) Au$fl2,0,C—SWNT—

. P : COz /[H25C1SHg;  (b) AuSGoHas//H25C1SHY;  (b)  AuSGaH0H//
according to the modified literature procedét@he resulting short pr?yzsisofgeéz SV\?NT( /;btcle&é]; Z(Eé) Zsuéqungzoz(C)—SWN%(:ngt//

SWNT cylinders, which are terminated on both ends with carboxylic H,sC;,SHg. The bias voltage was applied to the Au electrode; the sweep
groups (see Supporting Information), were isolated by membrane rate was 50 mV/s.

filtration, dried, and redispersed in dry dimethylformamide (DMF).

A substrate covered with a gold film modified with a SAM of 11-  H220—SWNTW\C2H2sS—Hg junction (Figure 1). A similar setup was
mercaptoundecanol was introduced into the SWNT solution along successfully applied in our group to interrogate a deremceptor
with an excess of a coupling reagent (dicyclohexylcarbodiimide). molecular rectifie’* The current-voltage (V) characteristics were
The surface-confined reaction between the OH group of Au$G measured with a potentiostat in a two-electrode scheme in a cycling
OH and CGH groups of SWNT forms an ester bond, linking one mode. The sweep direction or the sweeping rate-(BI00 mV/s)

end of the tube to the surface. This surface-confined reaction leadsshowed no significant effect on the junction conductance. The
to formation of SWNT “forest” films (Figure 1a), as demonstrated Mmeasurements were repeated on different spots of a slide and on
earlier by several groupd.At this point, further modifications  different slides.

should be selective for the GB groups at the “top” end of SWNT Although the AFM image in itself does not allow us to claim a
because the C®I groups at the “bottom” were protected by vertical alignment of all SWNTs in the film (i.e., some tubes can
esterification. well be randomly oriented or lay flat on the surface), the transport

To address the induced asymmetry of SWNTs, the conductancecharacteristics of the junction should be determined by “outstand-
of the prepared film was studied in mercury drop junction experi- ing”, vertically oriented tubes, connecting both electrodes (Figure
mentst® A Cy,H,sSH-protected mercury drop electrodg € 0.5 1b).

mm) was brought into contact with the SWNT film under hexa- The typical IV characteristics of the studied junctions are

decane solvent (using a micromanipulator), to form an-8@ ;- presented in Figure 2. The conductance of the-&C;;H,,0—
T Institut National de la Recherche Scientifique. SWNTWG2H,5S—Hg sandwich described above was highly asym-
*McGill University. metric, with typical rectification ratio (RR) o 10 (Figure 2a).
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Such a high RR has never been observed in Hg junctions before.

7
. : @ © Mg

Rather, symmetritV curves are normally produced from alkylthiol/ S8 6 18 § @

alkylthiol bilayer junctions (Figure 2b), although a weak rectification ~ § ° 5 15 §

(RR < 10) was reported for junctions with two different % 1; : 12 §

monolayers3b¢ Furthermore, a similar junction prepared with a  § s ) z §

physisorbed layer of SWNT (laying flat on the substrate, with no § 3 1 3 § ]

covalent binding) also shows very symmethi¢ curves (Figure I\ 0 0 0 N\

2c). The current values of SWNT-containing junctions were up to 10123456 10123456 10123456 10123456
: 9l P Log(RR) Log(RR) Iog(RR) Log(RR)

3 .order.s of magnitude hlghgr than t.hf?‘t for_]unctlons containing only Figure 3. Statistic distribution of rectification ratios measured in the first
aliphatic monolayers. This is surprising since larger or at least the |, cycle for different junctiond? (a) AuSG:Hag/H2:CioSHg: (b)
same tunneling barriers are expected for such junctions. Yet, SUChAUSC;;1H20,C—SWNT—CO; //H25C15SHY; (¢) AuSGiH2:0,C—SWNT—

an increase of the electron transfer rate by attaching SWNTs to anCOxH//H25C12SHg; (d) AuSG1H2:0,C—SWNT—COEt/Ho5C12SHg.
electrode surface has already been obsefied.

The high RR observed can hardly be attributed only to a different The rectification direction (accepter donor) is in agreement with
coupling with two electrodes (covalent bonding vs van der Waals the Aviram—Ratner molecular rectification ansatz, although other
contact) and suggests an electronic asymmetry of the SWNT. effects, such as a different coupling to two electrodes or Schottky
Indeed, performing the reaction in basic media of DMF (which barrier created by the ionic GOgroup, could also contribute to
also contains traces of MsH) should reasonably result in  the observedV asymmetry.
ionization of carboxylic groups (CO). In the given monolayer,
such ionization should occur preferentially on the upper (not
esterified) ends of the tubes, affording a &85 SWNT—CO,~
structure, with electron-withdrawing alkoxycarbonyl substituents
at one end (CgR, Hammet parameter = +0.37) and electron-
releasing carboxyl anion groups (¢Qo = —0.10) at the other
end. The resulting electronically asymmetric structure, with electron-  Supporting Information Available: Experimental details, SWNTs
rich (CO,~ end) and electron-deficient (GR end) parts, can be  characterization data, details I6f measurements and analysis; full ref
viewed as an AviramRatner molecular diode, and the observed 11. This material is available free of charge via the Internet at http:/
preferential current flow in the accepter donor direction (Au— pubs.acs.org.

Hg) fits well with this mechanisn?

We also performed chemical transformations on the upper end References
of the tubes and measured their conductance in the same junction (1) qi, p.; Javey, A.; Rolandi, M.; Wang, Q.; Yenilmez, E.; Dai, HAm.
experiments. While treating SWNT films with a basic solution-(K Chem. Soc2004 126, 11774.

ot (2) Tans, S. J.; Verschueren, A. R. M.; Dekker,Nature 1998 393 49.
CQO;) shows no effect on thdéV characteristics (as the upper (3) (a) Oi, P.. Vermesh, O.- Grecu, M.. Javey, A.: Wang, Q.. Dai, H.. Peng,
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imtrinei i 7 R (12) (a) Liu, Z.; Shen, Z.; Zhu, T.; Hou, S.; Ying, L.; Shi, Z.; Gu,lz&angmuir
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