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A B S T R A C T

We examined the potential of a series of aromatic moieties with different electron-donat-

ing ability to alter SWCNT electronic properties. The selected aromatic moieties included

p-amino-phenylalanine, 3-[4-(dimethylamino)phenyl]propanoic acid, tyrosine, tryptophan,

and 4-pyridylalanine. These moieties contained exocyclic electron-donor substituents,

such as amine, dimethylamine, and hydroxyl groups, as well as nitrogen-containing het-

erocycles, including indole and pyridine. We attached these aromatic molecules to the

N-terminus of an amphiphilic surfactant peptide and obtained stable aqueous peptide/

SWCNT dispersions. Atomic force microscopy images and ultraviolet–visible–near-infrared

spectra revealed that, under the conditions used, all peptides, except for the one with

4-pyridylalanine, disperse SWCNTs well in solution. The local electron density of states

of the peptide-coated SWCNTs was examined using scanning tunneling spectroscopy dI/dV

plots. All spectra showed an additional peak in the conduction band side very close to

the Fermi level, indicating n-type doping of the SWCNTs. The doping behavior was further

verified by Raman spectroscopy G-band peak downshifts. Additionally, we found that the

location of the heteroatom contributes significantly to the interaction between the aro-

matic moieties and the SWCNTs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The use of single-walled carbon nanotubes (SWCNTs) in

nanoelectronics has created much interest as these materials

possess remarkable intrinsic electronic properties. For exam-

ple, carbon nanotubes permit ballistic conduction, wherein

metallic SWCNTs show current density as high as 109 A cm�2,

which is a thousand times greater than copper [1]. Also,

semiconducting SWCNTs have carrier mobility higher

than 105 cm2 V�1 s�1, which is larger than other known

semiconducting materials [2]. Such properties, together with

their nanometer dimensions, make SWCNTs pertinent for

applications such as field-effect transistors [3,4], chemical

and bio sensors [3,5], nanowires [3], transparent conducting
er Ltd. All rights reserved
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films [4], and logic gates [4]. Particularly, semiconducting

SWCNTs hold much potential for the design of field-effect

transistors and sensors, owing to their controllable carrier

mobility [4].

While both metallic and semiconducting SWCNTs have

broad application prospects, it is still a great challenge to de-

sign ideal SWCNT systems for real world applications. To ad-

dress this, recent studies have focused on altering the

intrinsic electronic properties of carbon nanotubes by doping.

Although doped SWCNTs can be synthesized by replacing the

carbon atoms with heteroatoms like nitrogen [6] or boron [7],

post-synthesis doping strategies, such as chemical doping [8]

and electrochemical doping [9], have gained significant inter-

est as these routes are more straightforward. Among the
.
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chemical doping methods, molecular doping, which entails

charge transfer between electron-donor or electron-acceptor

molecules and SWCNTs onto which they are adsorbed, has

been identified as a simple, yet effective, way to modify the

electronic structure of SWCNTs [10,11]. Molecular doping is

advantageous because of the reversibility of the doping effect

and the decreased production of impurities which can ob-

struct charge transport [10,11].

The electron-donors and electron-acceptors that are

exploited for doping can vary from simple alkali metals to

polymers or peptides. For example, early studies revealed

the ability of alkali metals to dope SWCNT bundles [12]. Re-

cently, Mistry et al. reported on n-type doping of SWCNTs

using hydrazine [13]. The electron-donating and electron-

withdrawing substituents in small organic molecules, such

as aniline [11], nitrobenzene [11], tetracyanoquinodimethane

[10,11], tetrathiafulvalene [10,11], and N,N,N 0,N 0-tetramethyl-

p-phenylenediamine [14], also modulate the nanotube

electronic structure by changing the electron density of the

carbon nanotube p-system. In addition to these, several other

studies used polymers, such as polyethylenimine with elec-

tron-donating character [13] and nitrile functionalized polyi-

mides with electron-withdrawing character, to probe charge

transfer interactions with the SWCNT surface [15]. Amphi-

philic peptides containing aromatic moieties are also known

to alter the electronic properties of SWCNTs through charge

transfer interactions. Pioneering work on this concept was re-

ported by Poenitzsch et al. using a-helical peptides with aro-

matic amino acids bearing the electron-donating hydroxyl

group or electron-withdrawing nitro group [16]. We focus on

amphiphilic peptides because they are capable of producing

stable aqueous SWCNT dispersions composed of individually

suspended peptide-coated SWCNTs [17], which hold applica-

tion potential in fields such as biochemistry and biomedical

engineering [18].

Surfactant peptides, which are used in the current work,

have a common amino acid sequence of X(V)5(K)2, where V

and K are valine and lysine residues, respectively, and X is

an aromatic residue at the N-terminus [19]. The aromatic ring

likely forms a p–p stacking interaction with the SWCNT sur-

face [19]. The less complex random coil structure of the sur-

factant peptides makes them ideal to study the interaction

between aromatic residues and the SWCNT surface because

no observable peptide folding events occur upon the adsorp-

tion of the surfactant peptides to the SWCNTs to complicate

interpretations [19,20]. Due to their short length and the

arrangement of amino acids within the peptide chain, these

molecules likely pack more densely on the SWCNT surface

as compared to the long a-helical peptides. In our early work

[20], we examined electron-donating p-amino-phenylalanine

and electron-withdrawing p-cyano-phenylalanine residues

as the N-terminus aromatic residues. Not only do these two

peptides produce stable aqueous SWCNT dispersions, but

they also modify the electronic properties of SWCNTs, yield-

ing n-type doped and p-type doped SWCNTs.

For the current work, we have selected a series of electron-

donating aromatic moieties, namely p-amino-phenylalanine,

3-[4-(dimethylamino)phenyl]propanoic acid, tyrosine, trypto-

phan, and 4-pyridylalanine, for the N-terminus of the

surfactant peptides. These contain different exocyclic elec-
tron-donor substituents, including amine, dimethylamine,

and hydroxyl, as well as nitrogen-containing heterocycles,

such as indole and pyridine. The electron-donating ability of

the aromatic molecules can vary with the Hammett sigma

constants of the exocyclic substituents [21] and the ionization

energies of the aromatic molecules [22]. In general, electron-

donating substituents with large negative Hammett constants

[23] and low ionization energies [22] are stronger electron-

donors. We will consider these factors when correlating the

electron-donating property of the selected aromatic mole-

cules with their ability to modify SWCNT electronic structure.

Additionally, Wang et al. have shown that the position of the

heteroatom significantly contributes to the p-electron density

distribution within the aromatic ring and, hence, to the elec-

tron donor–acceptor interactions between the aromatic moi-

ety and the SWCNT [24]. Therefore, we will examine the

possible electronic interactions that exist between the se-

lected aromatic moieties and SWCNTs to determine their

relative contributions to the doping effect.

2. Experimental

2.1. Materials

Raw HiPco SWCNTs (lot #R0519) were purchased from Carbon

Nanotechnologies Inc. Fmoc-L-valine (99+%), Fmoc-L-phenyl-

alanine (99+%), N-hydroxybenzotriazole monohydrate (98%),

and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate (98%) were purchased from SynBioSci

Corporation. Fmoc-Na-Boc-L-lysine (99%), Fmoc-4[Boc-ami-

no]-L-phenylalanine (99%), Fmoc-3-(40-pyridyl)-L-alanine

(99%), Fmoc-Na-Boc-L-tryptophan (99%), and Fmoc-L-tyrosine

(99%) were purchased from Chem-Impex International, Inc.

Piperidine (99%) and 3-[4-(dimethylamino)phenyl] propanoic

acid were purchased from Sigma–Aldrich. Dichloromethane

(99.8%), N-methyl-2-pyrrolidone (99.5%), N,N-dimethylform-

amide (99.9%), dimethyl sulfoxide (99.9%), pyridine, trifluoro-

acetic acid (99%), thioanisole (99%), 1,2-ethanedithiol (98+%),

and ethyl ether (99.9%) were purchased from VWR Interna-

tional. Triethylamine (99%), acetic anhydride (97+%), and

anisole (99%) were purchased from Fisher Scientific. ABI-

Fmoc-amide resin was purchased from Applied Biosystems.

Mica substrates (1/400 · 1/400 · 0.008/0.01000) and Au(111)-coated

mica substrates were purchased from Asheville-Schoon-

maker Mica Co. and Agilent Technologies, Inc., respectively.

Highly oriented pyrolytic graphite (HOPG) substrates and

SpectRimTM substrates were purchased from GE Advanced

Ceramics and Tienta Sciences, Inc., respectively. Silicon canti-

levers (model number MPP-12100-100) and STM probes (8 mm

cut Pt/It wire, model number PT) were purchased from Veeco

Probes. All chemicals were used as received.
2.2. Surfactant peptide synthesis, purification, and
identity verification

Six surfactant peptides with different N-terminal aromatic

residues were prepared using solid phase peptide synthesis

following previously reported methods [19,20]. The amino

acid sequences of the peptides are shown in Table 1. The



Table 1 – Amino acid sequences of the designed surfactant
peptides.

Surfactant
peptide

Aromatic
moiety

Amino acid sequence
(N-to-C terminus)a

SP-pNH2F pNH2F�VVVVV�KK

SP-pNMe2F pNMe2F�VVVVV�KK

SP-Y Y�VVVVV�KK

SP-W W�VVVVV�KK

SP-pyrA pyrA�VVVVV�KK

SP-F F�VVVVV�KK

a Abbreviations for aromatic moieties: p-NH2F! p-amino-phenylala-

nine, p-NMe2F! 3-[4-(dimethylamino)phenyl]propanoic acid,

Y! tyrosine, W! tryptophan, pyrA! 4-pyridylalanine, F! phen-

ylalanine. SP-F is used as the reference peptide. The C-termini of all

the peptides were amidated. The N-termini of the peptides, except

for SP-pNMe2F, were acetylated. The N-terminus of SP-pNMe2F was

not acetylated because 3-[4-(dimethylamino)phenyl]propanoic acid

(p-NMe2F) is an acid derivative, not an amino acid.
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peptides were purified using semi-preparative reversed-phase

high performance liquid chromatography [20]. The identities

of the purified surfactant peptide were verified using ma-

trix-assisted laser desorption/ionization time-of-flight mass

spectrometry (Supplementary material, Table S1).

2.3. Dispersion of SWCNTs in surfactant peptide solutions

Stock peptide solutions, the concentrations of which were

determined beforehand using UV–Vis–NIR spectrophotome-

try, were diluted appropriately with nanopure water to obtain

200 lM surfactant peptide solutions. Then, 1 mL of each

200 lM surfactant peptide solution was mixed with 0.75–

1.00 mg of HiPco SWCNTs and vortexed for 1 min. Next, the

vortexed samples were submerged in an ice water bath and

sonicated for 1 min using a probe sonicator with a tip diame-

ter of 1/8 in. connected to a VWR Scientific Branson Sonifier

250 operated at a power level of �8 W. The sonicated samples
were centrifuged at 16,000g for 10 min in an Eppendorf 5417C

centrifuge. The recovered supernatants were centrifuged

again for 30 min at 50,000g using a Beckman TL-100 ultracen-

trifuge with the temperature controlled at 4 �C. The superna-

tants were recovered and used for experiments.

2.4. Characterization of surfactant peptide/SWCNT
dispersions

Circular dichroism (CD) spectra of the surfactant peptide solu-

tions ranging in concentration from 100 to 500 lM and surfac-

tant peptide/SWCNT dispersions starting at a peptide

concentration of 200 lM were acquired using an Aviv Model

202 CD spectrometer. Spectra were collected from 190 to

260 nm at 25 �C using a rectangular quartz cuvette with

1 mm path length. CD signals were numerically converted

to mean residual molar ellipticity [h] by correcting for peptide

concentration, path length, and the number of amino acid

residues in the peptide chain [20]. Data acquired beyond the

dynode cutoff of the instrument (625 V) were not included.

Absorption spectra of the peptide/SWCNT dispersions

were acquired using a Perkin–Elmer Lambda 900 UV–Vis–NIR

spectrophotometer. A 1 mm path length quartz cuvette was

used, and spectra were collected from 400 to 1400 nm using

nanopure water as the blank.

For atomic force microscopy (AFM) imaging, surfactant

peptide/SWCNT dispersions were diluted 20-fold with nano-

pure water, drop-cast (10 lL) onto freshly cleaved mica sub-

strates, and dried in a desiccator for at least 24 h prior to

imaging. AFM images were acquired using a Bruker Multi-

Mode� 8 Atomic Force Microscope operated in TappingModeTM

at ambient conditions. Silicon cantilevers with a force con-

stant of 5 Nm�1 and an average resonant frequency of

150 kHz were utilized. A calibration grating (VGRP-15 M, Veeco

Metrology group) with a pitch of 10 lm and a depth of 180 nm

was used to calibrate the J scanner in the x, y, z directions.

Height calibration was further verified using hydrofluoric acid

etched pits in muscovite mica. The microscope was placed on

an air table (MICRO-g�, Technical Manufacturing Corporation)

to reduce vibrational noise during imaging.

Samples for scanning tunneling microscopy/spectroscopy

(STM/STS) analyses were prepared by spin-coating peptide/

SWCNT dispersions onto Au(111)-coated mica substrates at

3500 rpm for 30 s. STM images and STS spectra were acquired

in ambient conditions using a STM equipped with an ‘A’ scan-

ner and Pt/Ir tips, and a NanoScope V controller (Bruker AXS).

The microscope was isolated from mechanical vibrations by

placing it on a gel pad on a cement block, which was sus-

pended from a tripod with bungee cords. The microscope

was covered with a neoprene hood to reduce the effect from

acoustic noise. Calibration of the scanner in the x and y

dimensions was performed using HOPG. STM images and

STS spectra were acquired from HOPG before imaging SWCNT

dispersions in order to test the tip quality and the reproduc-

ibility of data acquisition. STS spectra were collected using

constant height mode. Once the feature of interest was posi-

tioned in the center of the image, the microscope was

switched to ramp mode and the feedback loop was switched

off. Then, the current (I) was recorded as a function of bias

voltage (V) from �1.0 to 1.0 V. Twenty I–V curves were
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collected, averaged, and numerically converted to differential

tunneling conductance (dI/dV), and then plotted versus bias

voltage. The resulting curves were Fourier filtered to reduce

noise.

For Raman spectroscopy, the surfactant peptide/SWCNT

dispersions were spotted on a SpectRimTM substrate and al-

lowed to dry. Raman spectra were acquired using a Jobin Yvon

Horiba high-resolution LabRam Raman microscope system

equipped with a Spectra-Physics Model 127 helium–neon la-

ser (632.8 nm, 6 mW power) and a SynapseTM CCD detector.

The instrument was calibrated before spectral acquisition

using the 520 cm�1 absorption of a silicon wafer. Raman spec-

tra were acquired from 1500 to 1650 cm�1 at an increment of

0.1 cm�1. The spectra were fitted with Lorentzian functions

using LabSpec version 5.24.19 software.
2.5. Calculation of the highest occupied molecular orbital
(HOMO) energies of aromatic functional moieties

Density functional theory (DFT) calculations on the selected

aromatic functional moieties, namely p-amino-phenylala-

nine, 3-[4-(dimethylamino)phenyl]propanoic acid, tyrosine,

tryptophan, 4-pyridylalanine, and phenylalanine, were per-

formed using Jaguar (version 7.811, Schrödinger LLC). For ease

of computation, the –COOH and –NH2 groups of the amino

acids were replaced by H. Geometry optimization was per-

formed using a 6-31G* basis set using the BLYP functional,

which includes the generalized gradient approximation cor-

rection of Becke (B) with the correlation correction of Lee

(L), Yang (Y), and Parr (P) [25]. The single point energy calcula-

tions were performed using the hybrid B3LYP/6-31G* func-

tional which involves a contribution from the Hartree–Fock

energy [25].
3. Results and discussion

3.1. Characterization of surfactant peptide/SWCNT
dispersions

CD spectroscopy was utilized to identify the surfactant pep-

tide structure in solution, in both the absence and presence

of SWCNTs. Fig. 1 presents the CD spectra acquired from

the surfactant peptide solutions and the surfactant peptide/

SWCNT dispersions. All spectra follow a similar pattern,

wherein they show a sharp negative peak around 200 nm

and a weak feature near 220 nm. Analogous behavior was also

observed for the surfactant peptides studied previously and

indicates the existence of random coil structures over a large

concentration range [19,20]. The intensities of the CD spectra

of the surfactant peptide/SWCNT dispersions are lower than

those for the solutions containing only peptides due to small

losses of peptide which adsorb to SWCNT bundles and other

non-carbon nanotube materials removed during

centrifugation.1
1 Klimenko AS, Dieckmann GR. The University of Texas at Dallas, T
2 Unidym carbon for electronics [Internet]. Unidym Inc.: [Publish

www.unidym.com/files/Unidym%20Product%20Sheet%20SWNT.
The CD spectra acquired for the SP-W solutions and the

SP-W/SWCNT dispersion (Fig. 1d) exhibit a slight variation

from the other solutions and dispersions, namely a positive

peak around 225 nm observed clearly in the spectrum of the

SP-W/SWCNT dispersion. Even though the contribution of

aromatic groups in the far UV region is considered weak com-

pared to that of the amides, CD spectra of aromatic amino

acids exhibiting a positive peak at 220–230 nm have been re-

ported [26]. Also, it has been noted that certain arrangements

of aromatic residues can cause an enhancement of the posi-

tive peak [27]. Hence, it is possible that, in the presence of

SWCNTs, SP-W molecules arrange on the SWCNT sidewalls

in a specific way causing the prominent positive peak at

225 nm.

The UV–Vis–NIR spectra of the surfactant peptide/SWCNT

dispersions are shown in Fig. 2. Each absorption spectrum

shows the average absorbance measured from three sepa-

rately prepared dispersions. The intensity and sharpness of

the absorbance peaks provide insight into the peptide’s ability

to disperse SWCNTs in solution. Generally, spectral features

that are well-resolved indicate well-dispersed SWCNTs. In

this series, the peaks for the SP-pNMe2F/SWCNT (Fig. 2b)

and SP-W/SWCNT (Fig. 2d) dispersions are well-resolved

and exhibit the highest absorbance, suggesting the presence

of well-dispersed SWCNTs in solution. In contrast, the SP-

pyrA/SWCNT dispersion (Fig. 2e) shows the least intense

and least resolved absorption peaks. This indicates that, un-

der the conditions used to prepare the peptide/SWCNT dis-

persions, SP-pyrA does not generate the same quantity of

individually dispersed SWCNTs as the other peptides. The

optical images (Fig. 2) of the SP-pNMe2F/SWCNT and SP-W/

SWCNT supernatants appear to be the darkest of the series,

while SP-pyrA/SWCNT is the lightest, further suggesting that

there is a relatively low amount of SWCNTs in the SP-pyrA/

SWCNT dispersion.

The features present in the AFM images acquired from the

surfactant peptide/SWCNT dispersions that were drop-cast

onto mica substrates were consistent with the UV–Vis–NIR re-

sults. Specifically, AFM images of the SP-pNMe2F/SWCNT and

SP-W/SWCNT samples (Fig. 3b and d) show the greatest num-

ber of SWCNTs, whereas the image for the SP-pyrA/SWCNT

sample (Fig. 3e) shows the least number of SWCNTs on the

mica substrates. AFM height measurements were performed

in order to identify the presence of individual SWCNTs [28].

For each sample, the average diameters measured from the

peptide-free regions of 20 nanotubes and the corresponding

standard deviations among the measurements are as follows:

SP-pNH2F/SWCNT = 0.98 ± 0.20 nm, SP-pNMe2F/SWCNT =

0.88 ±0.17 nm, SP-Y/SWCNT = 0.98 ± 0.19 nm, SP-W/SWCNT =

0.89 ± 0.12 nm, SP-pyrA/SWCNT = 0.88 ± 0.10 nm, and SP-F/

SWCNT = 0.80 ± 0.12 nm. HiPco SWCNTs have a typical diam-

eter range of 0.8–1.2 nm,2 and the above measurements con-

firm the presence of individual SWCNTs. Our previous work

on surfactant peptide/SWCNT composites gave similar re-

sults, wherein the samples contained mostly SWCNTs

with small diameters [20]. AFM height measurements of the
exas; 2012 (Unpublished).

er unknown]; 2008 [cited 2012 July 26]. Available from: http://

http://www.unidym.com/files/Unidym%20Product%20Sheet%20SWNT
http://www.unidym.com/files/Unidym%20Product%20Sheet%20SWNT


Fig. 2 – Optical images and UV–Vis–NIR absorption spectra of the surfactant peptide/SWCNT dispersions. (a) SP-pNH2F/

SWCNT, (b) SP-pNMe2F/SWCNT, (c) SP-Y/SWCNT, (d) SP-W/SWCNT, (e) SP-pyrA/SWCNT, and (f) SP-F/SWCNT. For each

composite, three separately prepared dispersions were tested and their spectra averaged. The vertical lines show the

standard deviation among the spectra.

Fig. 1 – CD spectra of the surfactant peptide solutions (concentration range of 100–500 lM) and surfactant peptide/SWCNT

dispersions (starting peptide concentration of 200 lM): (a) SP-pNH2F, (b) SP-pNMe2F, (c) SP-Y, (d) SP-W, (e) SP-pyrA, and (f) SP-F.
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Fig. 3 – AFM images of 20-fold diluted surfactant peptide/

SWCNT dispersions. (a) SP-pNH2F/SWCNT, (b) SP-pNMe2F/

SWCNT, (c) SP-Y/SWCNT, (d) SP-W/SWCNT, (e) SP-pyrA/

SWCNT, and (f) SP-F/SWCNT.
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peptide-coated regions are not reported as dilution of the pep-

tide/SWCNT dispersions may cause the peptides to desorb

from the SWCNT surface. For a control study, AFM images

were acquired from peptide solutions that were deposited

on mica (Supplementary material, Fig. S1). Although small

peptide aggregates were observed, these images did not con-

tain SWCNT-like features, confirming that the surfactant pep-

tides alone do not form tubular structures under the

conditions used.

The highest occupied molecular orbital (HOMO) energies

and the orbital shape of the dopants provide insight into their

affinity towards SWCNTs, as the interaction between elec-

tron-donors and SWCNTs may occur by orbital mixing of

the HOMO of the electron-donor and the lowest unoccupied

molecular orbital (LUMO) of the SWCNT [29,30]. Density func-

tional theory was used to calculate the HOMO energies of the

selected aromatic moieties, and Table 2 presents the resultant

values and orbital shapes. The HOMO energies are in the or-

der of (a) > (b) > (c) > (d) > (e) > (f). The dimethylamine (a) and

amine (b) containing moieties exhibit the highest HOMO

energies of the series, �4.73 and �5.20 eV, respectively,
suggesting that they may have high affinity for SWCNTs. In

contrast, the pyridine containing moiety (f) has the lowest

HOMO energy, �7.02 eV, suggesting a possible weaker interac-

tion with the nanotube surface. Also, except for (f), which has

a HOMO of r-bonding character, the HOMO shapes of the

molecules exhibit p-bonding character that would form stron-

ger p–p interactions with the SWCNT p system [30]. These

computational results correspond well with the experimental

results and account for the greater ability of SP-pNMe2F to

interact with the SWCNT surface as well as the lesser ability

of SP-pyrA to interact with the SWCNT surface. The ioniza-

tion energies reported for similar aromatic molecules are in

the order of N,N-dimethylaniline < aniline < indole < phe-

nol < benzene < pyridine (Supplementary material, Table S2).

This further corroborates the trend observed for the calcu-

lated HOMO energies, as the molecules with low ionization

potentials show good electron-donating properties.

3.2. Probing SWCNT electronic structure by scanning
tunneling spectroscopy

Scanning tunneling spectroscopy (STS) can be used to exam-

ine the local electronic structure of (semi-)conductive materi-

als. STS performed in the constant height mode gives current

(I) vs. voltage (V) curves, and these data can be numerically

converted to differential conductance (dI/dV), which is pro-

portional to the local electron density of states (LDOS) of a

material [31,32]. Although not as sharp as observed in the the-

oretically calculated LDOS, the energy levels can be identified

in STS dI/dV spectra [31,32].

The electron density of states (DOS) of pristine SWCNTs

show symmetrically placed sharp peaks, i.e. van Hove singu-

larities, in both the conduction band (CB) and valence band

(VB) sides about the Fermi level [31,32]. It has been shown,

both theoretically and experimentally, that the charge trans-

fer, which occurs either to or from the SWCNT surface, causes

alteration of this symmetric band structure. For example, the

ab initio calculations performed on electron-donating

N,N,N 0,N 0-tetramethyl-p-phenylenediamine (TMPD) mole-

cules adsorbed to (8,0) SWCNTs showed a downshift of the

CB as well as the appearance of a donor-like state just below

the CB minimum, indicating charge transfer from the TMPD

molecule to the SWCNT (n-type doping) [30]. Another study,

which examined the adsorption of electron-withdrawing

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) on a (10,0)

SWCNT, revealed the presence of a flat-band just above the

VB of the SWCNT, with an upward shift of the molecular

levels, suggesting charge transfer from the nanotube to

the adsorbed DDQ molecule [33]. Similarly, Manna and

Pati showed that the adsorption of electron-donor mole-

cules, such as tetrathiafulvalene, and electron-acceptor

molecules, such as tetracyanoethylene and tetracyanoquino-

dimethane, on (5,5) and (8,0) SWCNTs, cause significant alter-

ations to the SWCNT electronic band structure as a result of

charge transfer [10]. Despite the theoretical work, there are

only a few reports in which the electron DOS of SWCNTs

was probed experimentally.

Poenitzsch et al. acquired STS dI/dV spectra from SWCNTs

with adsorbed a-helical peptides [16]. The peptides contained

phenyl rings substituted with electron-donor (–OH) or



Table 2 – HOMO energies and orbital shapes of the aromatic functional moieties.
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electron-acceptor (–NO2) groups. The STS dI/dV spectra of the

semiconducting SWCNT composites exhibited additional

peaks in the band gap; on the CB side for the electron-donor

peptide-adsorbed SWCNTs, indicating n-type doping, and on

the VB side for the electron-acceptor peptide-adsorbed

SWCNTs, indicating p-type doping. Similarly, our previous

STS dI/dV studies of SWCNTs coated with the surfactant pep-

tides SP-pNH2F (with –NH2) and SP-pCNF (with –CN) showed

the appearance of an additional peak on the CB and VB sides,

respectively [20]. Another report showed that poly(3-hexylthi-

ophene) adsorbed to a SWCNT caused a Fermi energy shift to-

wards the polymer HOMO energy band. This shift was

interpreted as charge transfer from the polymer to the
Fig. 4 – STS dI/dV spectra of (a) bare SWCNT, (b) SP-F/SWCNT, (c

(f) SP-W/SWCNT, and (g) SP-pyrA/SWCNT. The arrow indicates

show STM images of bare SWCNTs and a peptide-coated SWCN
nanotube that corresponded well with the electron-donating

ability of the polymer [34].

In the present work, STS I–V curves were acquired from

bare SWCNTs, which were obtained by dispersing SWCNTs

in 1,2-dichloroethane [20], and from surfactant peptide-

coated SWCNTs. We previously showed that STS dI/dV spec-

tra acquired sequentially from a single location on a bare

SWCNT essentially overlap, and spectra taken from different

positions along an individual SWCNT also follow similar

behavior [20]. Comparable results were observed in the cur-

rent study as well. For example, Fig. 4a presents a STS dI/dV

spectrum acquired from a bare SWCNT showing a nearly van-

ishing DOS at the Fermi level, indicating semiconducting
) SP-pNH2F/SWCNT, (d) SP-pNMe2F/SWCNT, (e) SP-Y/SWCNT,

the additional peak on the conduction band side. (h and i)

T, respectively.



Table 3 – Average Raman G-band peak positions and
calculated G-band peak shifts with respect to reference
composite, SP-F/SWCNT. For each composite, three sepa-
rately prepared dispersions were tested.

Composite Average
G-band peak

position (cm�1)

Peak shift
w.r.t. SP-F/

SWCNT (cm�1)

SP-pNH2F/SWCNT 1587.6 ± 0.1 �1.8
SP-pNMe2F/SWCNT 1587.2 ± 0.2 �2.2
SP-Y/SWCNT 1588.7 ± 0.2 �0.7
SP-W/SWCNT 1588.3 ± 0.0 �1.1
SP-pyrA/SWCNT 1588.2 ± 0.1 �1.2
SP-F/SWCNT 1589.4 ± 0.1 –
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behavior, which then strongly increases away from the Fermi

level [31,32]. As is typically observed for pristine SWCNTs, the

placement of the CB and VB features about the Fermi level is

symmetric. Here, minimum Fermi level shifting is observed

indicating that the influence of the substrate on the electronic

properties of the SWCNT is minimal. The atomic structure of

the bare SWCNTs is clearly observed in the STM image

(Fig. 4h). Conversely, for surfactant peptide/SWCNT samples,

the atomic structure of most SWCNTs was not apparent due

to the peptide coating (Fig. 4i).

STS dI/dV spectra acquired from surfactant peptide-coated

SWCNTs are shown in Fig. 4b–g. For this study, we focused our

attention on semiconducting SWCNTs, as the main objective

is to alter the properties of semiconducting tubes for nano-

electronic applications. We assume that the surfactant pep-

tide/SWCNT dispersions are composed of a relatively large

percentage of semiconducting SWCNTs because: (i) HiPco

SWCNTs contain 3:1 semiconducting to metallic tubes, (ii)

the Raman RBM region of each composite shows a slight

reduction in the metallic transitions as compared to the

SWCNT powder and DCE/SWCNT dispersion (Supplementary

material, Fig. S2), and (iii) most SWCNTs analyzed by STS

show semiconducting character.

The reference SP-F/SWCNT composite exhibits symmetric

DOS about the Fermi level (Fig. 4b), and this behavior is simi-

lar to early reports [20]. Except for bare SWCNTs and SP-F/

SWCNT composites, the STS dI/dV spectra of all other com-

posites include an additional peak on the CB side (arrows in

spectra 4c-g). This peak is identified as a doping-induced elec-

tronic state [16,20]. Generally, the new peaks caused by charge

transfer between a dopant and a SWCNT appear close to the

Fermi level, within ±0.20 V [16,20,35]. STS dI/dV spectra ac-

quired from additional surfactant peptide/SWCNT compos-

ites are shown in the Supplementary material (Figs. S3–S7),

along with the peak positions observed near the Fermi level

(Supplementary material, Table S3).

The STS dI/dV spectra of surfactant peptide/SWCNT com-

posites are of three types, namely those with one additional

peak in the conduction band side, those with symmetric

peaks within ±0.20 V of the Fermi energy, and those that do

not show any peak in this region. The latter two types have

also been observed for bare SWCNTs and SP-F/SWCNT com-

posites. Two symmetric peaks close to the Fermi level could

presumably arise from defect sites or from deformed SWCNT

structures [36]. The dI/dV spectra of peptide/SWCNT compos-

ites, which do not show any peaks in the band gap, could be

emerging from regions that have peptide coverage insufficient

to give a significant doping effect.

We examined the peptide coverage on SWCNTs using AFM

height analysis. TappingModeTM AFM has previously been

used to measure accurately the diameters of peptide-coated

SWCNTs [16,17,20,28,37]. Here, we acquired AFM images from

the surfactant peptide/SWCNT samples spin-coated neat

onto gold substrates for STM/STS analysis. The diameters,

which were measured along the length of several SWCNTs

(Supplementary material, Fig. S8), ranged from 0.79 to

11.08 nm, proving that the surfactant peptide coverage in

these preparations was not uniform. Since STS measure-

ments are localized, the LDOS of an individual SWCNT de-

pends on the amount of peptide coverage at the specific
location where the spectrum is acquired. This could lead to

some variation in dI/dV spectra. For example, STM/STS stud-

ies performed under ultra-high vacuum have clearly identi-

fied different areas on a single SWCNT that are either

pristine, contain defects, or are coated with adsorbate

[36,38]. STS measurements made at these sites resulted in dif-

ferent dI/dV spectra.

3.3. Raman spectroscopy of surfactant peptide/SWCNT
composites

STS dI/dV spectra reveal the local electronic structure of indi-

vidual SWCNTs. Therefore, we used Raman spectroscopy to

examine the electronic structure modification of an ensemble

of peptide-coated SWCNTs. Raman spectroscopy is a power-

ful technique used to study the charge transfer interactions

that occur upon the adsorption of dopant molecules onto

SWCNTs [11–16,30]. Specifically, the Raman G-band peak

(1500–1600 cm�1), which arises from in-plane vibrations of

the sp2 hybridized carbon atoms of the nanotube lattice

[39], is sensitive to charge transfer interactions and shifts

with alterations to the SWCNT sp2 structure [11–16]. A down-

shift of the G-band peak, with respect to an undoped refer-

ence, indicates charge transfer from the dopant molecule to

the SWCNT, suggesting n-type doping, while an upshift of

the G-band peak indicates charge transfer from the SWCNT

to the dopant, suggesting p-type doping.

SP-F/SWCNT served as the reference composite for the

series, and the G-band peak positions measured for all other

composites were compared to that of SP-F/SWCNT. Table 3

presents the measured G-band peak positions and the respec-

tive peak shifts obtained from three separately prepared dis-

persions for each composite. As can be seen, the G-band

peaks of all composites are downshifted compared to SP-F/

SWCNT, suggesting n-type doping of the SWCNTs. Even

though the G-band shift values of the composites are small,

the peak downshift trends of the composites are consistent.

In order to test the precision of data acquisition, several Ra-

man spectra were recorded from a single peptide/SWCNT

sample (Supplementary material, Table S4). Reproducible G-

band peak values were obtained for each sample with relative

uncertainties of 0.02% or less.

Overall, the Raman data suggest that all of the peptides

studied have the ability to cause n-type doping of the

SWCNTs, with SP-pNH2F and SP-pNMe2F having the largest
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effects. For example, the G-band peak downshifts for the SP-

pNH2F/SWCNT and SP-pNMe2F/SWCNT composites are nearly

double those of the other composites (Table 3). Studies show

that the magnitude of the G-band peak shift increases with

increasing doping level [11,14]. Hence, larger shifts may imply

relatively higher degrees of doping induced by the peptides. A

similar G-band peak shift of �1.8 ± 0.3 cm�1 was observed

previously for the SP-pNH2F/SWCNT composite with

respect to SP-F/SWCNT [20]. Despite the presence of an elec-

tron-donating hydroxyl group, the SP-Y/SWCNT composite

exhibited the weakest doping effect of the series. However,

tyrosine-containing a-helical peptides (Tyr-nano-1) showed

fairly comparable results [16]. Specifically, 100 lM Tyr-

nano-1/SWCNT composites showed a peak downshift of

�0.6 ± 0.3 cm�1 with respect to nano-1/SWCNT, which is the

reference peptide containing phenylalanine.

Even though the G-band peak shifts reported for the sur-

factant peptide/SWCNT composites are somewhat larger

than those reported for a-helical peptide/SWCNT composites

[16], systems such as hydrazine-doped SWCNTs have shown

G-band peak downshifts of about 8.8 cm�1 [13]. One possible

reason for this weak charge transfer could be steric effects in-

duced by the peptide chain. Even though the surfactant pep-

tides have more flexibility when interacting with the SWCNTs

as compared to a-helices, the interaction between the aro-

matic end group and the SWCNT can still be sterically less

favorable as compared to a free aromatic moiety. In addition,

the concentration of the dopants may also have a significant

contribution as it has been reported that doping-induced G-

band peak shifts increase with the concentration of the dop-

ant [11]. Hence, an increase in the peptide concentration pre-

sumably results in a larger doping effect.

From the calculated HOMO energies of the aromatic moie-

ties (Table 2), the electron-donating ability of the surfactant

peptides is in the order of SP-pNMe2F > SP-pNH2F > SP-W >

SP-Y > SP-pyrA, with SP-pyrA being the least effective elec-

tron-donor of the series. However, both the STS dI/dV plots

and the Raman G-band peak shifts indicate that SPpyrA-coated

SWCNTsexhibita significant n-type doping effect.Even though

SP-pyrA demonstrates a lesser ability to disperse SWCNTs in

solution, the Raman G-band peak shift of the SP-pyrA/SWCNT

composite is comparable to those for SP-W/SWCNT and SP-Y/

SWCNT. This result may suggest the involvement of other fac-

tors, such as variations in the electronic interaction between

the aromatic moieties and the SWCNT surfaces, which ulti-

mately affect the doping ability of the adsorbents.

3.4. Interaction of aromatic moieties with SWCNT surface

The selected aromatic moieties allow us to explore the effect of

the heteroatom’s location on its ability to interact with the

SWCNTs as well as the effect of the different heteroatoms oxy-

gen and nitrogen. Among the six aromatic surfactant peptides

studied, SP-pNH2F, SP-pNMe2F, and SP-Y contain para-substi-

tuted amine (Hammett sigma = �0.66), dimethylamine (Ham-

mett sigma = �0.83), and hydroxyl (Hammett sigma = �0.37)

groups, respectively, and their electron donating abilities are

in the order dimethylamine > amine > hydroxyl. An electron-

donatinggroup increases thep-electron densityof thearomatic

ring leading to strong p–p electron donor–acceptor interactions
with the SWCNT. Hence, amine and dimethylamine groups in-

deed have a greater potential influence than does hydroxyl. All

three peptides discussed here contain nitrogen or oxygen

atoms in their exocyclic substituents. Therefore, in addition

to the p–p electron-donoracceptor interaction between the aro-

matic ring and the SWCNT, the electron lone pairs on the het-

eroatoms can form n–p electron-donor acceptor interactions

with the SWCNT p-system [24]. However, it is not well under-

stood which of these adsorption mechanisms dominates.

The SP-W/SWCNT composite resulted in darker colored

dispersions and higher intensity absorption peaks as com-

pared to the other composites in the series (Fig. 2). These re-

sults may reveal the favorable adsorption of the tryptophan

moiety on the SWCNT surface, presumably caused by the ex-

tended p-conjugated system of the indole ring, as the other

peptides in this study contain a single six-membered aro-

matic ring. Studies show that, among phenylalanine, tyro-

sine, and tryptophan, tryptophan has the largest binding

energy on SWCNTs, followed by tyrosine, and then phenylal-

anine [40]. Also, Xie et al. reported that surfactant peptides

containing tryptophan moieties are better at dispersing both

individual and bundled SWCNTs presumably due to the large

aromatic surface area of the tryptophan side chain [19]. In the

indole ring, the electron lone-pair of nitrogen is incorporated

into the p-system, creating an electron-rich environment. As

a result, the interaction between tryptophan and the SWCNT

surface may occur by weak p–p electron donor–acceptor inter-

actions resulting in n-type doped SWCNTs.

The adsorption mechanism of SP-pyrA could be rather dif-

ferent from the other peptides. In the pyridine ring system,

the lone pair of electrons on nitrogen does not add to the p-

electron density of the ring. Instead, the lone pair electrons

remain in the plane of the ring. The electronegativity of nitro-

gen decreases the electron density of the aromatic ring, there-

by making the pyridine ring electron-deficient. Hence, the

pyridine ring could be considered an electron-withdrawing

moiety. However, since the lone pair of electrons on nitrogen

are not involved in the p-system, they can act as electron-do-

nors. Therefore, the adsorption of SP-pyrA could occur either

by weak p–p electron donor–acceptor interactions, where the

pyridine is a weak electron-acceptor, or by n–p electron do-

nor–acceptor interactions, where the nitrogen lone pair elec-

trons are donated to the SWCNT p-system [24]. As revealed by

the Raman and STS dI/dV data, the SP-pyrA/SWCNT compos-

ite shows an n-type doping effect on SWCNTs. Therefore, n–p

electron donor–acceptor interactions should be the favorable

mechanism. Similar findings were reported by Rouse et al.

wherein they examined the interaction between SWCNTs

and poly(4-vinylpyridine) and noted that the lone electron

pair of the pyridyl nitrogen interacted directly with the nano-

tube instead of with the aromatic ring [41].
4. Conclusions

We studied the adsorption of a series of surfactant peptides

with N-terminal aromatic moieties composed of either exocy-

clic electron-donor substituents or nitrogen-containing het-

erocycles onto SWCNTs, and their ability to modify the

inherent electronic properties of carbon nanotubes. The
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aromatic moieties were comprised of the para-substituted

electron-donor groups amine (–NH2; p-amino-phenylalanine),

dimethylamine (–NMe2; 3-[4-(dimethylamino)phenyl]propa-

noic acid), and hydroxyl (–OH; tyrosine), as well as indole

(tryptophan) and pyridine (4-pyridylalanine) rings.

CD spectra revealed that all of the surfactant peptides ex-

ist primarily as random coil structures in solution at a range

of concentrations, both in the absence and presence of

SWCNTs, providing an ideal peptide structure to study the

interaction between the aromatic moieties and the SWCNT

surface. Under the studied conditions, both UV–Vis–NIR and

AFM results showed that SP-pNMe2F and SP-W generate more

individually dispersed SWCNTs than the other peptides in the

series, whereas SP-pyrA generated the fewest individually

dispersed SWCNTs in water. However, all of the peptides,

namely SP-pNH2F, SP-pNMe2F, SP-Y, SP-W, and SP-pyrA,

caused n-type doping of the SWCNTs as evidenced by STS

dI/dV spectra and Raman spectroscopy G-band peak shifts.

Specifically, the local electron density of states of the surfac-

tant peptide-coated SWCNTs included an additional peak in

the conduction band side, indicating an n-type doping effect.

The percentage of SWCNTs that showed n-type doping was:

73% of SP-pNH2F/SWCNT, 67% of SP-pNMe2F/SWCNT, 60% of

SP-Y/SWCNT, 60% of SP-W/SWCNT, and 35% of SP-pyrA/

SWCNT. The doping effect of the peptides determined by

Raman spectroscopy was in the order SP-pNH2F � SP-pNMe2-

F > SP-Y � SP-W � SP-pyrA, where the G-band peak downshift

values of SP-pNH2F/SWCNT and SP-pNMe2F/SWCNT, com-

pared to the reference SP-F/SWCNT, were nearly two times

greater than the other composites.

Overall, the amine and dimethylamine groups, which were

exocyclic substituents of the aromatic rings in SP-pNH2F and

SP-pNMe2F, respectively, lead to a higher doping of SWCNTs,

while the indole and pyridine rings, with endocyclic nitrogen

substituents, lead to a relatively lower doping effect of

SWCNTs, suggesting that the location of the heteroatom con-

tributes significantly to adsorption of the aromatic rings onto

SWCNTs. The highest occupied molecular orbital shapes and

the p-electron densities of all aromatic moieties, except for -

pyrA, showed the ability to form p–p electron-donor acceptor

interactions with the SWCNT p-system as their HOMOs have

p-bonding character. However, the -pyrA moiety showed a

r-bonding character, suggesting that the main adsorption

mechanism for SP-pyrA onto SWCNTs would be by a n–p elec-

tron-donor acceptor interaction.

Carbon nanotubes with tailored electronic properties, spe-

cifically n-type doped SWCNTs, have great potential in car-

bon-based nanoelectronics, especially for the design of field-

effect transistor type sensors. The use of amphiphilic surfac-

tant peptide structures with aromatic moieties not only en-

ables easy dispersion of SWCNTs in aqueous media, but

also facilitates further attachment of target specific molecules

to the peptide structure, which would be a key advantage for

the design of chemical or biological sensors.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,

in the online version, at http://dx.doi.org/10.1016/j.carbon.

2013.01.039.
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