NANO
LETTERS

Interaction of Aromatic Compounds with Vol 208
Carbon Nanotubes: Correlation to the 1421-1423
Hammett Parameter of the Substituent
and Measured Carbon Nanotube FET

Response

Alexander Star,* Tzong-Ru Han, Jean-Christophe P. Gabriel, Keith Bradley, and
George Gruner?

Nanomix Inc., Emenylle, California 94608

Received August 20, 2003

ABSTRACT

We have used field-effect transistor (FET) devices with semiconducting single-walled carbon nanotubes (SWNTSs) as the conducting channels
to study interactions of aromatic compounds with SWNTs. Electronic detection occurs through charge-transfer effects, monitored as the
change of the gate voltage (Vg) dependence of the source-drain current lsg. For monosubstituted benzene compounds, we find that the shift
of the Isq — Vg characteristic is proportional to the Hammett sigma values (g}) of their substituents.

Single-walled carbon nanotubes (SWNTs) have attracted . -
much recent attention for a variety of potential applicatibns. soure =~ =7
SWNTSs have been incorporated into electronic devices, and
such devices can be modified by chemical functionalization
of the carbon nanotubes. Aromatic compounds are known
to interact strongly with graphitic sidewalls of SWNTs
through effectiver—x stacking? These interactions manifest

in solubilization of SWNTSs in aromatic solveftss well as
solubilization in solutions of certain aromatic surfactdnts Figure 1. (A) Schematic view of a field-effect transistor device
and polymer$§.Moreover, polynuclear aromatic compounds, with a SWNT transducer contacted by two Ti/Au electrodes (source
such as anthracefi@yrene’ and phthalocyanifalerivatives, and drain) and a silicon back gate. SWNT conducting channel is
have been used for immobilization of chemical and biological exposed to cyclohexane solution of benzene derivatives. (b) Atomic
molecules onto SWNTs. Whereas different spectroscopicfoer\siecer)n'cIroscoloe (tapping mode) topograph of the actual nanotube
methods have been used to characterize the interaction o '

aromatic compounds with SWNTs in solution or on the
surface, various microscopies can characterize only im-

mobilized species, but not aromatic compounds themselves as evidenced by experiments involving electrog donating
1 - . . 1
In this communication we demonstrate that electronic (NH;) and electron withdrawing (N£ molecules:

measurements Of SWNTs can be used as a direct method to We haVe eXamined the eﬁect Of monOSUbStituted benzenes,
investigate the interactions of the aromatic compounds with Such as aniline, phenol, anisole, toluene, chlorobenzene, and
carbon nanotubés. nitrobenzene on NTFET device characteristics. These aro-

We have used field-effect transistors fabricated using Matic compounds, presumably, all have similar geometry in
semiconducting SWNTs (NTFET.Such devices have their noncovalent binding to carbon nanotubes, but their
been recently explored as chemi¢aind biological sensors. substituents provide different inductive and resonance effects,
The response of the device characteristics to chemical@nd consequently their relative electron donating {NH
analytes in the gas phase occurs through charge transfePH > OCHs > Cl > NO) properties are well knowt.

. - - Figure 1A depicts the schematic layout of the NTFET

X ggrrl‘:“;ﬁ’,%n?;gﬂ]agtgg;'rtﬁgﬁ"lbfaﬂﬁ;gg:n%ﬁ&rgr'sity of Califormia,  d€Vice architecture. SWNTSs on silicon substrates contacted
Los Angeles. with metal (Ti/Au) contacts, together with a doped Si back

between the nanotube conducting channel and the analytes,
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Figure 3. Linear regression analysis of the gate voltage sA¥
of NTFET device in 0.1 M cyclohexane solutions of the selected

Figure 2. (A) The source-drain currentjate voltage dependence ~aromatic compounds.
(Ise—Vg) of a NTFET device in cyclohexane as compared to air.

(B) Schematiclss—Vy curves illustrating device characteristic at  1hg measyred characteristic in air was the same after each
different conditions. The gate voltage shith\{;) is defined as

indicated in the figure. (C, DV, curves for the device recorded ~Measurement and similar to what was found before the
in 0.1 M cyclohexane solutions of aniline and nitrobenzene as application of the solution.
compared to pure cyclohexane. Device measurements in the Figure 2 shows the changes in device characteristic with
,F\’Aresence of all aromatic compounds discussed in this study at 0.1, ¢ re 1 cyclohexane solutions of representative aromatic
concentrations in cyclohexane are presented as Supporting
Information. hydrocarbons. Exposure to hydrocarbons leads to changes
in the device characteristic. Depending on the compound,
thels—V, curve shifts toward more negative or more positive
ate voltages. The hysteresis increases with concentration
of aromatic hydrocarbons in the cyclohexane. To describe
the change of the—Vy characteristic, we define gate voltage
shift (AVy) as shown in Figure 2B. The hysteresis is defined

5 10 -10
Gate Voltage (V)

gate, form the basic elements of the NTFET. Multiple
nanotubes connected the source and drain electrodes. Figur
1B shows an atomic force microscope image of a device
with a number of nanotubes crossing the source and drain
electrodes. We have monitored the change of the seurce ’ .
drain currentksg) as a function of the gate voltag€yj both as the difference ofsq = 1/254 (max), half the maximum
value oflsq (observed at-10 V gate voltage) for increasing

with increasing and decreasing gate voltages. In devices that .
have a multitude of nanotubes, both metallic and semi- and decreasing gate voltage at a gate sweep rate of 4 Hz

conducting nanotubes contribute to the soudin current. bhetween 10V elmatlo r\1/f 'Lhe mlde}:nt of the hystereilsl;sh
Here we report experiments on devices with only semi- the average voltage shilt between the two curves at half the

conducting nanotubes; such devices have nearizgfor maximum value ofs4 The gate voltage shift\Vy) between
positive V, values. A typical device characteristic in air is the device characteristics for different devices is defined as
A .

shown in Figure 2A. The devices display p-type behavior, (h€ change in the midpoints of the hysteresis.

known to be related to atmospheric oxygen on the deé¥igé, ~ In analogy to what has been suggested for gas sensitivity
and they also exhibit a small hysteresis which is related to in air,'* it is conceivable, that the gate voltage shift is the
a hydration layet? result of charge transfer between the NTFET device and the

We have found that the NTEET device characteristics aromatic molecules adsorbed onto the carbon nanotube
change significantly when one drop of 1 nM solution of the conducting channel. The charge transfer between the mono-
aromatic compound is air-dried on the device. However, drop substituted benzenes and the nanotube can be estimated from
casting on a device with a cross-section of only a few their empirical Hammeit constants, which are used widely
microns is not a reliable method for comparing the effects for studying the rates and equilibria of organic reactishs.
of various aromatic compounds. Therefore, we exposed This parameter is defined as zero for benzene<(K) and
NTFET devices to solutions of these compounds at the sameis related to the electron donating or electron withdrawing
concentrations and measured the device characteristics whil€haracter of substituents (X) on the benzene ring. To establish
in the solutions. As expected, the conductivity of the solvent the correlation between the change in device characteristic
plays an important role in device operati¥rin liquids with upon exposure to the aromatic compounds with various
low conductivity, such as cyclohexane, the device conduc- substituents and their Hammett constants, the gate voltage
tance is dominated by the nanotube channel. Consequentlyshifts (AVy) were measured on the same device in cyclo-
the measured NTFET characteristic changes little comparedhexane (0.1 M}® As shown in Figure 3, gate voltage shifts
to what is observed in air (Figure 2B). A small shift correlate with theo, values. A clear, approximately linear
(approximately 2 V) to a more negative gate voltage is relation with a positive slopep(value) of +1.99 is found
observed, and the device hysteresis (see below) is largelybetween the gate voltage shift and the Hammett values. From
unaffected. Figure 3, zero shift (and correspondingly no charge-transfer

The devices were exposed to the solutions at concentra-between aromatic compound and nanotube) is observed for
tions of 0.1 M and 1M and in the following order: a benzene derivative with electron withdrawing groups (
chlorobenzene, anisole, phenol, nitrobenzene, and, finally,= 0.49). This is consistent with the presence of adsorbed
aniline. After each measurement, the devices were rinsedelectron withdrawing species,@n the device in ambient
with cyclohexane and chloroform and blown dry with.N  conditions!013
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Our experiments demonstrate that field effect transistor

devices with semiconducting carbon nanotubes as conducting

channels can be used as effective tools for the study of
interactions of aromatic compounds with SWNTs. Moreover,

guantitative information on charge transfer between the
compounds and the SWNTs can be extracted. Thus, our
observations may pave the way for sensitive electronic
detection of chemical reactions in liquids.
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