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Abstract: Various electron-donating and -withdrawing groups in aromatic and aliphatic backbones of solvent
have been introduced to tailor the electronic structures of single-walled carbon nanotubes (SWCNTSs). In
the case of solvent with a withdrawing group, electrons were extracted mainly from metallic SWCNTSs,
whereas small charge transfer was also observed in semiconducting SWCNTs. On the other hand, in the
case of solvent with a donating group, electrons were donated to both metallic and semiconducting SWCNTSs.
This effect was less prominent in solvent with an aliphatic backbone than that with an aromatic backbone.
The strong correlation between the sheet resistance and electronic structures of nanotubes is further
discussed in conjunction with a modulation of Schottky barrier height.

Introduction introduced in an attempt to tailor the electronic structures of
Various dispersants and solvents have been used to disperséndle-walled carbon nanotubes (SWCNTSs). In the case of a
carbon nanotubes. However, this often involves serious modi- SOlvent with a withdrawing group, the electrons were extracted
fication of their electronic structuré< For example, sodium ~ Mainly from metallic SWCNTs, whereas a small amount of
dodecy! sulfate (SDS) and polythiophene are good dispersants,Charge transfer has also bee_n observed in semmondt_xctmg
but they also modify the electronic structufésDespite this, ~ SWCNTs. On the other hand, in the case of a solvent with a
there have been few studies on the effect of the solvent on thedonating group, the electrons are donated to both metallic and

electronic structures of carbon nanotubes. In general, donatingSéMiconducting SWCNTs. This effect is less prominent in a
and withdrawing groups in a-system of the solvent are well- solvent with an aliphatic backbone than that with an aromatic

known (see the Supporting Information $Tjhe presence of ~ Packbone. The change of the sheet resistance of the SWCNT
functional groups might induce a permanent or induced dipole film under various solvent treatments was explained by the
moment in a molecular solvent. This presumably involves charge Modulation of Schottky barrier height at the junction between
transfer between the adsorbates and carbon nanotubes. which€tallic and semiconducting carbon nanotubes that resulted from
modifies the electronic structures of carbon nanotubes. Further-the modification of electronic structures of nanotube networks
more, the effect of functional groups in the solvent has often PY solvent.
been dis_,guised by the use of dispersants. In orde_r to tqilor _theSamp|e Preparation and Experimental Methods
gl_ectronlc structures of C.arbon nanotubes to a desired dlregtlon, The SWCNTs were synthesized by arc discharge and purchased from
it !S neces_sary to determine the effect of the solvent exclusively lljin Nanotech Co. Ltd. The diameters of SWCNTSs ranged arounet 1.4
without dispersants. _ . _ . 1.6 nm determined from Raman spectra with several excitation energies.
Various electron-donating and -withdrawing groups in sol- The sample contained 3.54 wt % of metal impurity, which was
vents with various aromatic and aliphatic backbones were determined from thermogravimetric method. One milligram of the
SWCNTs was immersed in 10 mL of each solvent (Aldrich) and

Igﬁrl\gkyunkwan University. sonicated in a bath type sonicator (Bandelin_ Electrpnic GMBH &

(1) Tasis’ D.; Tagmatarchis’ N.; Biancov A.; Pratoy@hem' Re. 2006 106, COKG, SOHOFeX SUperZ RKlOG) fOI’ 10 h. ThIS SOIUUOn was furthel‘

1105-1136. . ) o . . filtered through an anodisc filter (Anodisc 47, Whatman) with a pore

2) k?me: > "K' i?,'#"Jlf',v\[';’ghﬁ'_’d‘_ﬁéﬁé’%‘fﬁ;’%‘)’oﬁ_' ,_S| '\lfléel"?f’,ij_H" size of 0.1um to form a bucky paper. The CNTs film was dried at
Phys. Chem. @007, 111, 2477-2483. room temperature for 24 h. The sheet resistance at room temperature

(3) Geng, H.-Z.; Kim, K. K.; So, K. P.; Lee, Y. S.; Chang, Y. K.; Lee, Y. H. ; N0 i _
7 Am. Chem. So@007 129, 7758.7759. was measured using afot_Jr point probe method_(Channgn_, LTD, CMT
(4) Kim, K. K.; Yoon, S.-M.; Choi, J.-Y.; Lee, J. H.; Kim, B.-K.; Kim, J. M.; SR2000N). The CNT films were characterized by micro-Raman
IEee, g{--l"k;:daik,':U. \i.;'\l;atrk, gﬂdo';';l\;a?%scél\%ém K. H.; Chung, Y.;  spectroscopy (Renishaw RM1000-Invia). Two excitation energies of
ee, Y. H.Adv. Funct. Mater. 717, . .
(5) March, JAdvanced Organic Chemistryith ed.; Wiley: New York; Chapter 241 €V (514 nm, At ion laser) and 1.96 eV (632.8 nm, Hble laser)

1, 9. 1992; pp 1619, pp 273-275. with a Rayleigh line rejection filter, which accepts a spectral range of
2062 = J. AM. CHEM. SOC. 2008, 130, 2062—2066 10.1021/ja710036e CCC: $40.75 © 2008 American Chemical Society
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Aromatic Aliphatic the semiconducting nanotubes are relatively inert to solvent
1.0 :;::izne:e a) :::;s;'::ine b) treatments, partlcula_rly in those with an aliphatic backb_one.
—_ Nitrobenzene —_ Nitromethane Abundant information can be extracted by deconvoluting the
@u o1 196 v G-band into six components: one metallic, one metallic BWF,
E ) and four semiconducting componefitsn the case of the
= aromatic backbone, the shaded area of the metallic component
00 - — that appeared at an excitation of 1.96 eV increased to 79% in
Z1o :ggfme c) :::;x:::ine d) aniline, and decreased to 30% ir\ nitrobenzene compared with
z — Nitrobenzene — Nitromethanel the reference (benzene, 68%) (Figure-2a It should be noted
E  |aae 241 eV that the metallic BWF component was completely removed in
= 0.5f 3 . . . .
- nitrobenzene. In the case of the aliphatic backbone, the metallic
component was increased to 71% in butylamine, which revealed
0.0 a negligible change in nitromethane from the reference (hexane,
1200 1300 1400 1500 1600 300 1400 1500 1600 1700 67%) (Figure 2¢-f). The increase/decrease in the metallic

Raman shift (cm™) component in the G-band can be attributed to the donation/
Figure 1. G-band of the Raman spectra for the samples treated in aromatic withdrawal of electrons to metallic carbon nanotubes from the
(a and c) and aliphatic (b and d) solvents with various functional groups sglvent. Although solvents maintain the general rule of the
backbone at an excitation energy of 1.96 eV (a,b) and 2.41 eV (¢.d).  cpanges according to their electron-donating/withdrawing ability,
as listed in S1, the effect of the solvent is less significant in a
solvent with an aliphatic backbone than with an aromatic
| backbone. This difference between aromatic and aliphatic
backbones originates from the interaction between SWCNTs
and the adsorbates. The presence of an aromatic backbone in a
Results and Discussion solvent usually enhances thestacking interactions between
The interaction of solvent with carbon nanotubes relies on the hexagons in the backbone and nanotubes, whereas the
both its backbone and functional groups. In this study, solvents &liPhatic chain interacts relatively weakly with nanotubes
with two backbones were chosen: aromatic and aliphatic. throught_he|r hydrophol_mc natur_e. Th_erefore, the e_ffect of charge
Various functional groups in each backbone of solvent were transfer in a solvent with an _allphatlc bacl_<bone is expected to
selected according to their electron-donating and electron- be weaker than the solvent with an aromatic backbone. It shoulld
withdrawing ability (see the Supporting Information S2). Figure P& emphasized that the effect of the solvent on the CNTSs is

1 shows the typical G-band of Raman spectra for SWCNTs less significant in semiconducting CNTs than in metallic ones.
treated with solvents containing representative functional groups. SoMe peak shift in the Gband has been observed in solvents
At an excitation energy of 1.96 eV, the metallic SWCNEs¥) with an _aromat|c backbone. The upshift by 2¢énm nitroben- _
were mostly excited in reference solvent (benzene), as demon-Z€neé With respect to the reference (benzene) at 1.96 eV is

strated by the presence of a large BraNigner—Fano (BWF) evidence of charge transfer from the CNTs to electron-
line at the lower energy side of the G-band in Figure B&,B. withdrawing nitrobenzene, whereas the downshift in aniline

small portion of the semiconducting nanotubEss}) was also (Figure 29g) at 2.41 eV contributes to the charge transfer from
confirmed by the radial breathing mode (RBM) in the Raman electron-donating aniline to CNTs. Nevertheless, this trend
spectra (see the Supporting Information S3). In the case of thebecomes a_lmbiguous in some cases, particularly in a sqlvent with
aromatic backbone (Figure 1a), more BWF components at the@n aliphatic backbone (see Table 1). The change in charge
lower energy side had developed in electron-donating aniline, transfer was negl|g'|ble'. This concurs with the previous report
compared with benzene. On the other hand, the BWF componentthat mte_ntlonal doping mvoked by charge transfer result(_ad ina
was significantly lower in the electron-withdrawing nitroben- downshift (donor) and upshift (acceptor) of the G-b&#idhis
zene. The trend of these changes in the aromatic backbone wasuggests that (i) the electron-donating/withdrawing ability
similar to that in the aliphatic backbone, as shown in Figure determines the amount of charge transfer to metallic nanotubes
1b. However, the BWF component was changed less promi- selectively, without a significant change in the semiconducting

nently in the aliphatic backbone than in the aromatic backbone. nanotubes, and (ii) this effect is less significant in a solvent
This trend of the changes in the aromatic and aliphatic With an aliphatic backbone due to their weak hydrophobic

backbones was similar in the other types of solvents used in Interaction. More solvents with various aliphatic and aromatic

this study (see the Supporting Information S4). At an excitation Packbones were tested (see the Supporting Information S2).
energy of 2.41 eV, the semiconducting SWCNEssf) were From this point of view, the peak shift in the"@and effect of

excited exclusively (see the Supporting Information S3). In charge transfer is less effective than the metallic component of
contrast to the Raman spectra at 1.96 eV, there was noG-band. Therefore, it may not be a good measure of the changes

significant change in the peak observed in this case, indepen-induced by the solvent. _
dently of the aliphatic/aromatic backbone and electron-donating/  Charge transfer from nanotubes to adsorbates (or vice versa)

withdrawing group, as shown in Figure 1c,d. This suggests that creates holes (electrons) in the CNT, resulting in the formation
of acceptor (donor) levels. This induces a downshift (upshift)

50—-3200 cn1?, were used in this study. XPS analysis (Quantum 2000,
Physical electronics) using a focused monochromatizedoAtddliation
(1486.6 eV) was carried out to check for the presence of residua
material and the degree of doping effect.

(6) Brown, S. D. M.; Jorio, A.; Corio, P.; Dresselhaus, M. S.; Dresselhaus,

G.; Saito, R.; Kneipp, KPhys. Re. B 2001, 63, 155414/1-8. (8) Rao, A. M.; Eklund, P. C.; Bandow, Shunji.; Thess, A.; Smalley, R. E.
(7) Geng, H.-Z.; Kim, K. K.; Lee, K.; Kim, G. Y.; Choi, H. K.; Lee, D. S; Nature 1997 388 257—259.

An, K. H.; Lee, Y. H.; Chang, Y.; Lee, Y. S.; Kim, B.; Lee, Y. NANO (9) Nguyen, K. T.; Gaur, A.; Shim, MPhys. Re. Lett.2007, 98, 145504/

2007, 2, 157-167. 4.
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Figure 2. Deconvolution of the G-band into one metallic (shaded area in pink), metallic BWF (shaded area in blue), and four semiconducting (open area)
components at an excitation energy of 1.96 eV (upper panel) and 2.41 eV (lower panel). The values on the top-left (bottom-right) in the uppergtanel indi
the peak positions of the BWF line (Qine). The values in the lower panel are the peak positions of semiconductidigé

Table 1. Various Parameters of the Sheet Resistance (R), G* Peak Position in cm~1, BWF, and Metallic Portions (Marea) at an Excitation
Energy of 1.96 eV, G* Peak Position at 2.41 eV Obtained after Deconvoluting the G-Band of the Raman Spectra, the Areal Ratio of sp3/sp?
and the Peak Position in the C1s XPS

Eiaser = 1.96 €V Ejaser = 241 6V XPS
backbone chemical R, Q/sq G* BWFea (1545), % Maea (1577), % G* sp3/sp? Cls
aromatic aniline (D) 109 1590 72 7 1587 0.26 285.1
benzene (R) 79 1590 57 11 1590 0.30 285.0
nitrobenzene (W) 5 1592 0 30 1589 0.43 284.8
aliphatic butylamine (D) 108 1587 65 6 1590 0.33 285.0
hexane (R) 68 1587 65 2 1590 0.36 285.0
nitromethane (W) 17 1587 60 6 1590 0.44 285.0

in the Fermi level®!! This shift in the Fermi level can be of the aromatic backbone, the electron-withdrawing nitrobenzene
observed in the C1ls XPS peak. The C1s peak is decomposedtreated more defects than the electron-donating aniline. A
into four components, which are identified by?sand spg similar phenomenon was observed in the case of the aliphatic
hybridization, the related carbon oxide, andr-ax* plasmon backbone. The generation of D-band strongly suggests that the
satellite peak (Figure 3}.In the case of the aromatic backbone, electron-withdrawing group interacts with the CNTs more
the Fermi level, which is represented by the maif gpak strongly than the electron-donating group. This trend may
position, was downshifted (upshifted) by 0.2 eV (0.1 eV) in originate from the dominant field effect in the electron-
electron-withdrawing nitrobenzene (electron-donating aniline). withdrawing group in which the disorder generated by the
However, in the case of the aliphatic backbone, this shift was adsorbate is rather localized at the interacting site, which is in
relatively independent of the electron-donating/withdrawing contrast with the resonance effect, in which the disturbed
groups, as listed in Table 1, which is similar to thé-Band in electrons are delocalized instead of creating defecthe
the Raman spectra. difference between the electron-donating and -withdrawing
XPS indicated some correlation with the other properties in groups was less prominent in the aliphatic backbone (see the

the sp/sp? ratio. The sprepresents the presence of defects (D-  Supporting Information S2), which is similar to that observed
band in Raman), and 3pepresents the formation of graphitic by Raman spectroscopy.

carbon (G-band in Ramaf) Therefore, the areal ratio indicates The sheet resistance of the CNT film was measured in order

a measure of the defects formed during treatment. In the €850 further understand the solvent effect on nanotubes (Figure

(10) Lee, R. S.; Kim, H. J.; Fischer, J. E.; Thess, A.. Smalley, RN&ure 4). The sheet resistance increased in the donating group, whereas
1997 388 255-257. i it decreased in the withdrawing group, independent of the

(11) Graupner, R.; Abraham, J.; Vencelpwa.; Seyller, T.; Hennrich, F.; . .
Kappers, M. M.; Hirschb, A.; Ley, LPhys. Chem. Chem. Phy2003 5, backbone. The sheet resistance strongly correlated with the
5472-5476. i ;

(12) () McFeely, F. R.. Kowalczyk, S. P.: Ley, L.: Cavell. R. G.. Pollak, R. metallic po_rtlon of nanotubes that was exj[ra_cted from the
A.; Shirley, D. A.Phys. R. B1974 9, 5268-5278. (b) Diaz, J.; Paolicelli, deconvolution of the G-band (see Table 1). Similar trends were

G.; Ferre, S.; Comin, FPhys. Re. B 1996 54, 8064-80609. ;
(13) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jori@his. Rep2005 observed for the other types of functional groups (See the

409, 47-99. Supporting Information S5).
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Figure 3. The Cls peak is composed of=C(sp), C—C(sp), C—O, andz—a* character. The Cls peak position and it$/sp ratio were listed in
Table 1.

from strong donating and withdrawing groups. Therefore, it is

. . Electron . reasonable to assume that the intrinsic SWCNTSs still remain in
Aliphatic Aromatic

Metallic intensity of G band d““?fi“g Metallic intensity of G band the p-doped state similar to the reference. The work function is
e L ability o 10 20 30 40 Rans typically 4.5-5 eV for metallic SWCNT, and 4:85.3 eV for
: : semiconducting SWCNT with a diameter ranging from2L
‘ " ' Butylamine -NH, | Aniline fl nm.6
/ Figure 5 shows a schematic diagram of the junction between
! ‘ \.\ e ,r'( | the metal and Ilgh_tl)p-doped semlconduct!ng SWCNTs, whgre
: the Schottky barrierHsy) is formed at the junction. When this
\ / nanotube is exposed to a solvent with an electron-donating
|Nitmmﬂha“e‘5\_ -NO, -’ﬁitrobknzeneé | group, extra_l electrons are provided_to the sgmiconducting
: V SWCNT. This compensates for thedoping effect, i.e., dedop-
120 100 80 60 40 20 0 20 40 60 80 100 120 ing effect. This will recover an intrinsic level or a conversion
Sheet resistance (ohm/sq) JEIEEHEONT Sheet resistance (ohm/sq) to n-doping in a solvent with a highly donating functional group.
withdrawing . . . ..
ability In this case, the Schottky barrier height is increased. The number

of hole carriers was reduced with dedoping, which increases
Figure 4. The relationship between the metallic component of the G band the resistance of the intrinsic SWCNTSs. Since the film resistance
intensity and the sheet resistance for electron-donating and electron-is governed by the exponential dependence of the Schottky
withdrawing groups on the aliphatic and aromatic solvents. barrier height™~19the Schottky barrier height plays an important

role in increasing the sheet resistance. In the case of a solvent

Since the film is composed of randomly oriented SWCNT With electron-withdrawing groups, more holes are generated in

networks, the conduction through these networks can be Semiconducting SWCNTs, which reduce the sheet resistance,
understood as follows. The sheet resistance of the film is a sumand the Fermi level is shifted toward the valence band. In this
of the resistance of the intrinsic SWCNTs and the junction case, electrons are also extracted from the metallic ones and a
resistance between nanotuBé#lanotubes in ambient condi- pseudo band gap is opened, as shown in Figure 5c. This
tions usually show @-type behavior due to the presence of phenomenon is similar to the diazonium effétalthough this
oxidating adsorbate€’s. The influence of these adsorbates from increases the resistance of the intrinsic SWCNTSs, the Schottky
the reference solvent, such as hexane and benzene, may bbarrier height is lowered compared with the reference. As a
negligible or at least not appreciable compared with the influence consequence, the sheet resistance is decreased.

Donating «—————— Reference ——— Withdrawing

a) b) a) ——CB
B ————CB
-------------- E; CB
Egernnnsssssagleessansnaases Ep E;~-jaasasanasegt -~ -~~~ Eg g E,
E E, VB
'hI vB bI L= VB EsbI
Metal Semi Metal Semi Metal Semi

Figure 5. Schematic diagram of junction formation between the metallic and semiconducting nanotubes in the solvent with (a) donating group, (b) reference
group, and (c) withdrawing group. The CB, VB, Eg, andEg, indicate the conduction band, valence band, intrinsic Fermi level, Fermi level after treatment,
and Schottky barrier, respectively.
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Conclusions the electronic structures of CNTs with various dispersants or

These results present the first experimental demonstration that"JICISOrbates can be realized by the appropriate choice of solvent.

the electronic structures of SWCNTs can be modified by a FOr example, one could achieyetype doping by choosing
solvent treatment. The electronic structures of the SWCNTSs canelectron-withdrawing dispersants or adsorbates in an electron-
be tailored systematically through the choice of the backboneswithdrawing solvent with an aromatic backbone.

of solvent molecule and electron-donating and -withdrawing
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