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Precise control over the electronic properties of carbon nanotubes is key to their application in
plastic electronics. In the present work, we have functionalized carbon nanotubes with an electron
withdrawing nonfluorinated olefins via a 2—-2 cycloaddition reaction. Our results suggest that the
formation of cyclobutanelike four-member ring at the functionalization site is a fairly general
approach, independent of specifics of the addend, to converting the grown mixture of metal and
semiconductor tubes into high mobility semiconducting tubes without tedious separation
requirements. Thin film transistors fabricated from such functionalized tubes exhibit mobilities of
~30 cm?/V s and on/off ratios in excess of 10°. This simple functionalization represents a low cost
path to high performance semiconducting inks for printable electronics. © 2010 American Institute

of Physics. [doi:10.1063/1.3457171]

A serious challenge of carbon nanotube for application
in electronic devices such as thin film transistors (TFT) is
separating semiconducting from metallic tubes from as-
synthesized carbon nanotubes. Although various methods
have shown some success in separating semiconducting from
metallic tubes,lf3 a suitable commercialization method re-
mains unattainable.

A considerable amount of work focused on separating
single wall carbon nanotubes (SWNT) via monovalent
side wall functionalization,*® which also provided a route to
improve solubility while aiding in purification and
exfoliation.® Theoretical calculations'™'" and supporting ex-
perimental work show that monovalent functionalization has
a strong effect on the electrical properties of SWNT. It dis-
rupts 7 transitions in the visible spectlra,lz"3 drastically
changes the resistance,14 shifts the Raman spec:tra,15 and can
even lead to tube fragmentation.16 In contrast, very few stud-
ies have focused on divalent functionalization of SWNT
which creates two neighboring impurity states. Theoretical
calculations show that such bonding results in pair of
strongly localized bonding-antibonding states far away from
the Fermi level. As a result, electronic transport is not
strongly affected.' "’ Experimental studies are few. The
work of Menard-Moyon ef al.*® on [2+1] cycloaddition of
azomenthine suggests preferential functionalization of the
semiconducting tubes. The far-infrared work of Kamaras et
al.*' shows that a [2+1] cycloaddition with dichlorocarbene
largely reduces the density of states at Fermi level; thus pref-
erentially affecting the metallic tubes. Our recent work*
shows that [2-2] cycloaddition of fluorinated olefins sup-
presses the conductivity of the metallic carbon nanotubes at
low addend concentration regime. However, while limited,
this body of work suggests that divalent functionalization of
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carbon nanotubes may offer a path for controlling the elec-
trical properties fairly independently of tube type, size, and
chirality.

In this letter, we show that divalent functionalization of
SWNT with nonfluorinated electron withdrawing olefin tet-
racyanoethylene (TCNE) (C¢N,) effectively suppresses the
conductivity of the metallic tubes without considerable de-
grading the semiconducting ones. This is consistent with our
previous work on fluorinated olefins® and studies™ > pro-
posing that SWNT interactions with electron donor and ac-
ceptor molecules cause significant changes in their electronic
and optical properties. As with the fluorinated counterpart,22
functionalization enables the fabrication of percolating semi-
conducting arrays with high mobilities of 30 cm?/V s and
high on/off ratio of 10° without requiring tube separation.
Although increasing tube fragmentation is apparent with in-
creasing TCNE functionalization, mobilities of ~1 ¢cm?/V s
are maintained. This deviates from our studies using
F-olefins, where the electrical properties of the semiconduct-
ing tubes more rapidly degraded at high functionalization
levels. Furthermore, the similarity of the results suggest that,
as with the much larger size F-olefins, considerable TCNE
functionalization must occurs on the outside SWNT walls.
This contrasts a previous study26 on the interactions of tetra-
cyanoquinodimethane (TCNQ) and TCNE with carbon nano-
tubes, which suggests that as with C60, TCNQ and TCNE
are rather encapsulated inside the tubes.

As for our experiments, commercially purified high pres-
sure CO SWNTs were functionalized with TCNE and the
extent of TCNE functionalization and tubes reactivity was
measured via thermal gravitometric analysis (TGA) and
x-ray photoemission spectroscopy as detailed in the support-
ing information.”’ Figure 1(a) illustrates our systematic study
of the effect of a cycloaddition reaction on the mobility and
off current (L) of a percolating array of functionalized
SWNT (FSWNT) as a function of cyeng/ Cswat, Where Creng
and cgqwnr are the molar concentrations of TCNE and
SWNT. The dramatic reduction in I,y with increasing

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Plot of off current, on current, and linear mobility
of all measured devices as a function of TCNE/SWNT/molar concentration
ratio ¢, W, and L are 200 pum and 20 wm, respectively, the source-drain
voltage Vds=-0.1 V. (b) Plot of source-drain current vs gate voltage for
FSWNT-TCNE TFT at ¢=0.014.

ctene/ Cswnt concentration represents the key observation of
this work. Standard devices, fabricated from a percolating
array of pristine HiPco tubes, show high mobilities but are
also plagued with high I, indicating the dominance of con-
duction pathways due to an abundance of metallic tubes.** In
contrast, TCNE functionalization leads to a dramatic de-
crease in I, caused as we will show by a precipitous reduc-
tion in the number of metallically conducting tubes. For ¢
<0.02, high mobility was largely preserved while I was
reduced by almost five orders of magnitude as compared to
arrays of pristine SWNTSs. With increasing ctcng/ CswnT CON-
centration (0.02<<c <0.06) the mobility slowly decreases to
about 1 cm?/V's revealing the impact of the chemical
treatment on the semiconducting tubes as well. The electrical
response of TCNE functionalized tubes in the low function-
alization regime is similar to what we reported for fluori-
nated olefins.”? 1t suggests that TCNE similar to
perfluoro-2(2-flurosulfonylethoxy)  propyl vinyl ether
[OCF,CF(CF);0CF,CF,SO,F] proceed via cycloaddition,
rather than the molecule simply entering the nanotube and
acting as a scattering center.

Gate sweep for FSWNT-TCNE under optimum function-
alization conditions (c=0.014) are shown in Fig. 1(b). The
field effect mobilities deduced from the linear regime are
30 cm?/V s with on/off ratios in excess of 10°. Due to the
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FIG. 2. (Color online) [(a)—(d)] AFM images of (a) pristine and [(b)—(d)]
functionalized SWNTs at ¢=0.007, 0.014, and 0.055.

high reactivity of TCNE, all TFTs were measured and stored
in a nitrogen glove box.

Figures 2(a)-2(d) show the morphology of the arrays
measured via atomic force microscopy (AFM). The micro-
graph of pristine HiPco in Fig. 2(a) shows thick entangled
ropes of about 0.6 wm in average length. In contrast, micro-
graphs in Figs. 2(b)-2(d) suggest that low levels of function-
alization not only efficiently exfoliate the ropes, as previ-
ously observed with F-olefins, but also leads to chain
cleavage, probably caused by a radical mechanism, resulting
in shortening of the tubs and also perhaps entering the tubes.
The schematic of the possible radical mechanism is shown in
the supplementary material.”’

The UV-visible, IR, and Raman spectra are shown in
Figs. 3(a)-3(d). Figure 3(a) shows optical spectra (UV-
visible-near IR) for mats of carbon nanotubes functionalized
at ¢=0, 0.0035, 0.014, and 0.11. The broad features at 0.9 to
1.6 eV, associated with the E}, and E3, semiconducting tran-
sitions, are observed in both pristine and functionalized
tubes. It is interesting that such semiconducting transitions
persist at c=0.11 in spite of the fact that there the tubes of
~200 nm in length have coiled into nearly spherical entities
of ~25 nm diameter. Figure 3(b) shows that at (¢c=0.014) an
IR peak appears at 2200 cm™! associated with the C=N IR
stretching mode of TCNE (C6N4). This indicates that a con-
siderable fraction of the TCNE molecule has not fragmented
supporting that the reaction constitutes a cycloaddition.

Figures 3(c) and 3(d) show the Raman radial breathing
modes (RBMs) and tangential G bands™ for pristine and
FSWNT-TCNE at ¢c=0, 0035, 0.014, and 0.11 at an excita-
tion wavelength of 514 nm. As expected, increasing func-
tionalization strongly reduces the intensity of the bands
above 230 cm™!, generally associated with the presence of
metallic tubes. The behavior of the bands below 230 cm™!,
generally associated with the presence of semiconducting
tubes, is less clear. While the intensity of the 180 cm™! band
decreases, the intensity of the 220 cm™! band increases with
increasing TCNE concentration. This dependence, which
was also observed for SWNT functionalization with
F-olefins, may reflect a functionalization induced change in

Downloaded 23 May 2012 to 38.107.179.219. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



053304-3 Kanungo, Malliaras, and Blanchet

(a) L L L B B R L (b) Frorrmr TR TTTT T TTTTTT T
F Hipco ] £ ]

— 0007 7 - -

—~ E 0028 - — F |

2 g 3 E

5¢ E 5¢ ]

8t 3 g F E

3 £ ] ,‘E, o ]

2 F 3 2 F i

S r 7 a ]
F | e r ]

E E ] o r v\f”‘/f—:

S r 3 F=" ]

[ - £ |

Lt 1 F .
F e 4 g p—
E | | | | I“'V"I: Bl
T T T T 2100 200 2300
500 1000 1500 2000 2500 3000 1

Wavelength (cm'')
Wavenumber (nm)

(¢) ey (d) Hinco 1
——H 4 0.007 ]
i I — ]

— [ o0 1 @ [ ' i

n i =

= o B T

c I 1 S | 1

= ] - L _

. b .e [ ]

2 1 & [ ]

= 1 &

- L i _'_>‘.. F B

:éx L i =T -

o [ N c i

= 1 @ E

@ 1 £t E

c [ # = L .

- B~ = L 72 i
[ j " -
r ] P FETE PRI N P R
TR NN E NN
150 00 560 300 1400 1500 1600 1700

-1
Wavelength (cm'™) Wavelength (cm’)

FIG. 3. (Color online) (a) Optical spectra of pristine HiPco tubes and the
TCNE functionalized tubes. (b) IR spectra of pristine and functionalized
TCNE at ¢=0.014 showing the C=N IR stretching mode of TCNE at
2200 cm™. [(c) and (d)] Raman spectra of pristine and TCNE functional-
ized tubes; (c) RBM (d) and tangential and disorder mode region at 514 nm
excitation wavelength. Spectra are normalized to the 1591 cm™' band.

the electronic structure of the tube, which moves the reso-
nance condition for the Raman effect. Thus, the 180 cm™!
mode is shifting out of resonance while a population of tubes
at 230 cm™' is coming into resonance.

The G band of semiconducting tubes consists of two
peaks at 1568 cm™' (radial) and at 1591 cm™' (longitudi-
nal), whereas the G band spectrum of the metallic tubes
shows bands at 1589 c¢cm™! (radial) and at 1544 cm™' (lon-
gitudinal), the latter broadened into a Breit-Wigner Fano line
shape caused by a strong coupling to the electronic density
of states. The spectra of Fig. 3(d) show that the G band due
to metallic tubes is strongly affected by functionalization,
whereas the bands due to semiconducting tubes are largely
preserved. Therefore, the combined visible and Raman data,
combined with the decrease in I of Fig. 1, indicates that
cycloaddition with TCNE in the low reactant regime prima-
rily affects the metallic tubes.

The data presented here suggests that functionalization
of SWNT with TCNE, an electron deficient olefin, disrupts
the conductivity of the metallic SWNT without degradation
of semiconducting ones in the low addend regime. These
findings, which extend beyond the previous work on fluori-
nated olefins, are well aligned with theoretical work on
SWNT functionalization predicting that metallic tubes are
universally more reactive than semiconducting tubes.® Un-
like F-olefins, the favorable electrical properties of TCNE
functionalized semiconducting tubes are partially retained to

Appl. Phys. Lett. 97, 053304 (2010)

addend concentration beyond ¢ <0.06, whereas they drop off
much more rapidly in the F-olefin case. The work further
suggests that the electrical properties of tubes functionalized
via 2-2 cycloaddition, whether olefins or F-olefins, are
fairly insensitive to the difference in binding energy, specific
size of the olefin, tube size, or chirality.

In summary, we have developed a simple, high yield
method for the functionalization of as-grown HiPco mats
with TCNE into preferentially semiconducting tubes with
properties that are suitable for device applications. We pro-
pose that, in the low concentration regime, cycloaddition
provides an effective method to anchor molecules to the car-
bon nanotube framework and to either eliminate or transform
metallic tubes.
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