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The electronic properties of carbon nanotubes can be altered significantly by modifying the nanotube

surface. In this study, single-walled carbon nanotubes (SWCNTs) were functionalized noncovalently

using designed surfactant peptides, and the resultant SWCNT electronic properties were investigated.

These peptides have a common amino acid sequence of X(Valine)5(Lysine)2, where X indicates an

aromatic amino acid containing either an electron-donating or electron-withdrawing functional group

(i.e. p-amino-phenylalanine or p-cyano-phenylalanine). Circular dichroism spectra showed that the

surfactant peptides primarily have random coil structures in an aqueous medium, both alone and in the

presence of SWCNTs, simplifying analysis of the peptide/SWCNT interaction. The ability of the

surfactant peptides to disperse individual SWCNTs in solution was verified using atomic force

microscopy and ultraviolet-visible-near-infrared spectroscopy. The electronic properties of the

surfactant peptide/SWCNT composites were examined using the observed nanotube Raman tangential

band shifts and the observed additional features near the Fermi level in the scanning tunneling

spectroscopy dI/dV spectra. The results revealed that SWCNTs functionalized with surfactant peptides

containing electron-donor or electron-acceptor functional groups showed n-doped or p-doped altered

electronic properties, respectively. This work unveils a facile and versatile approach to modify the

intrinsic electronic properties of SWCNTs using a simple peptide structure, which is easily adaptable to

obtain peptide/SWCNT composites for the design of tunable nanoscale electronic devices.

1. Introduction

SWCNTs, which are comprised of a single cylindrical layer of

sp2-hybridized carbon atoms, show unique electronic, thermal,

and mechanical properties.1 These properties imbue SWCNTs

with their potential use as field-effect transistors, (bio)sensors,

nanowires, mechanical fibers, energy storage devices, probe tips,

and viable drug delivery vehicles.2–4 SWCNTs are identified as

strong candidates for nanodevice applications due to the pres-

ence of both metallic and semiconducting tube types and their

nanometer dimensions. Furthermore, covalent and noncovalent

modifications of carbon nanotubes have increased their appli-

cability in carbon-based nanoelectronics.5,6 Particularly, altering

SWCNT electronic properties via doping with electron-donors or

electron-acceptors is intriguing, because it not only enhances the

electrical and thermal conductivity of SWCNTs, but also

provides control over their intrinsic electronic properties.7–19

Towards this end, various routes have been examined in order to

alter the electronic structure of carbon nanotubes. For example,

several well-known methods for doping carbon nanotubes

include adsorption of electron donor–acceptor molecules onto

nanotube surfaces,8–11 intercalation of donor–acceptor atoms in

the interstitial spaces of nanotube bundles,12 encapsulation of

donor–acceptor molecules inside nanotube hollow cores,13 and

substitution of the carbon atoms in the lattice with hetero-

atoms.14,15 Among these methods, substitutional doping requires

the removal of carbon atoms from the inherent sp2 network

resulting in defective nanotube surfaces.15 Conversely, the other

routes maintain the sp2-hybridized structure owing to the non-

covalent nature of the interaction between the dopants and the

carbon nanotubes and hence are preferred for many

applications.

The current study examines the noncovalent functionalization

of SWCNTs by short designed amphiphilic peptides, known as
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surfactant peptides, bearing electron-donating or electron-with-

drawing groups. In this paper, we will show that SWCNTs

coated with these peptides have altered electronic properties,

wherein the SWCNTs are n-doped or p-doped depending on the

aromatic group in the adsorbed peptide. Previous reports

provide evidence for alterations of SWCNT electronic properties

by the adsorption of small organic molecules with electron-

donating or electron-withdrawing functionalities, such as aniline,

nitro-benzene, tetracyanoquinodimethane, and tetrathiafulva-

lene.8–10 The noncovalent functionalization of SWCNTs with

polymers, such as polyimides containing nitrile functionalized

aromatic rings,16 polyethylenimine,17 and poly(3-hexyl-thio-

phene),18 also revealed the ability of adsorbed polymers to dope

carbon nanotubes. Recently, Poenitzsch et al. examined another

route to dope SWCNTs using designed a-helical peptides.19

Here, SWCNTs were noncovalently functionalized with amphi-

philic a-helical peptides containing either an electron-donating

(hydroxyl) or an electron-withdrawing (nitro) group in the

aromatic side chain. Additional peaks observed near the Fermi

level in scanning tunneling spectroscopy dI/dV spectra, along

with shifts in the tangential vibrational mode observed in Raman

spectra, confirmed n-type and p-type doping effects for the

electron-donor peptide/SWCNT and electron-acceptor peptide/

SWCNT composites, respectively.

The use of amphiphilic peptides has several significant

advantages over other dopants. First, amphiphilic peptides with

aromatic side chains are known to produce stable aqueous

dispersions of individual SWCNTs.20–22 Second, the noncovalent

peptide/SWCNT interactions preserve the nanotube’s intrinsic

structure. Third, solid-phase peptide synthesis is well established,

and the functionality of the peptides can be readily controlled by

varying the constituent amino acids. Furthermore, peptide-

coated SWCNTs can be used as nanoscale biosensors, owing to

the biocompatibility and target specific recognition ability of

suitably chosen adsorbed peptides.21,23,24 One disadvantage of

using amphiphilic peptides with a folded secondary structure,

such as an a-helix or b-sheet, is their tendency to self-aggregate,

which makes them less effective at dispersing SWCNTs.19 Also,

the intermolecular and intramolecular interactions among the

peptide moieties may complicate the interpretation of the elec-

tronic interaction between the SWCNT and the peptide.

Xie et al. reported a new category of designed peptides called

surfactant peptides, which essentially have an unordered struc-

ture over a large concentration range.25 The current investigation

uses surfactant peptides derived from those described by Xie

et al. because these peptides provide ideal structures to probe

peptide/SWCNT electronic interactions. The designed surfactant

peptides have a common amino acid sequence of X(Val)5(Lys)2,

where X indicates phenylalanine or a phenylalanine analog, and

Val and Lys indicate valine and lysine residues, respectively

(Fig. 1a). The two Lys residues form a polar head at the C-

terminus of each peptide, whereas the five Val residues form an

apolar tail. The aromatic amino acid (X) at the N-terminus

facilitates p–p stacking interactions between the aromatic ring of

the amino acid and the SWCNT surface. The incorporation of an

aromatic ring at one end of the peptide enables better interaction

with the SWCNT surface because the aromatic side chain is less

hindered and more flexible than that found in the a-helical
peptide system.19 In addition, compared to a-helices, these short,

unordered surfactant peptides are expected to pack more densely

on nanotube surfaces.

To investigate the effect of electron-donating or electron-

withdrawing functional groups, three surfactant peptides were

synthesized by incorporating phenylalanine (Phe) and two

phenylalanine analogs, namely p-amino-phenylalanine (p-NH2-

Phe) and p-cyano-phenylalanine (p-CN-Phe), as the N-terminal

aromatic amino acid. The corresponding amino acid sequences

are shown in Fig. 1b. The p-NH2-Phe contains an electron-

donating amine group (–NH2), whereas p-CN-Phe contains an

electron-withdrawing cyano group (–CN) on the phenyl ring.

The two functional groups (amine and cyano) have equal but

opposite Hammett sigma constants (!0.66 and 0.66, respec-

tively),26 thereby providing a way to examine any correlation

between the doping effect of the two functionalities. The

surfactant peptide which contains Phe is used as the reference

peptide.

The remainder of the paper is organized as follows. In the first

part, the discussion focuses on the preparation of individually

dispersed surfactant peptide/SWCNT composites and their

characterization using circular dichroism (CD), atomic force

microscopy (AFM), and ultraviolet-visible-near-infrared (UV-

Vis-NIR) spectroscopy. Subsequently, the effect of the adsorp-

tion of the synthesized peptides on SWCNT electronic properties

is addressed using Raman spectroscopy and scanning tunneling

spectroscopy (STS).

2. Experimental section

2.1 Synthesis of surfactant peptides

Materials: Dichloromethane (99.8%), N-methyl-2-pyrrolidone

(99.5%), N,N-dimethylformamide (99.9%), dimethyl sulfoxide

(99.9%), N,N-diisopropylethylamine (98+%), pyridine,

Fig. 1 (a) Schematic representation of a surfactant peptide (atom colors:

carbon, green; nitrogen, blue; oxygen, red. Hydrogen atoms are not

shown). (b) Amino acid sequences of the three surfactant peptides used in

this study. Abbreviations for amino acids: Val / valine, Lys / lysine,

Phe / phenylalanine, p-NH2-Phe / p-NH2-phenylalanine, p-CN-Phe

/ p-CN-phenylalanine. Ac indicates N-terminal acetylation, and

CONH2 indicates C-terminal amidation.
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trifluoroacetic acid (99%), thioanisole (99%), 1,2-ethanedithiol

(98+%), ethyl ether (99.9%), and methanol (99.8%) were

purchased from VWR International. Acetic anhydride (97+%)

and anisole (99%) were purchased from Fisher Scientific.

Piperidine (99%) was purchased from Sigma-Aldrich. N-

Hydroxybenzotriazole monohydrate (98%), 2-(1H-benzotria-

zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

(98%), Fmoc-L-valine (99+%), and Fmoc-L-phenylalanine

(99+%) were purchased from SynBioSci Corporation. Fmoc-Na-

Boc-L-lysine (99%), Fmoc-4[Boc-amino]-L-phenylalanine (99%),

and Fmoc-4-cyano-L-phenylalanine (98+%) were purchased

from Chem-Impex International, Inc. ABI-Fmoc-amide resin

was purchased from Applied Biosystems. All chemicals were

used as received.

Surfactant peptides were synthesized on an Applied Bio-

systems 433A solid-phase peptide synthesizer, equipped with an

Alltech model 450 UV detector, at a 0.1 mmol scale following

standard Fmoc (9-fluorenylmethoxycarbonyl) solid-phase

peptide synthetic methods.27 The N-termini and the C-termini of

the synthesized surfactant peptides were protected by acetylation

and amidation, respectively. Acetylation was carried out

by mixing peptide–resin composites with a solution of

9.0 : 0.5 : 0.5 dimethylformamide : acetic anhydride : pyridine.

Peptide cleavage was performed using a cocktail consisting of

trifluoroacetic acid : thioanisole : ethanedithiol : anisole

(9.0 : 0.5 : 0.3 : 0.2), and the resin was removed by filtration. The

volume of the filtrate was reduced to 3–5 mL using a stream of

nitrogen gas. Finally, crude peptides were precipitated using cold

diethyl ether and lyophilized before purification.

2.2 Purification of surfactant peptides

Materials:Acetonitrile (ACN, 99.8%) was purchased from VWR

International. Trifluoroacetic acid (TFA, 99.5%) was purchased

from Fisher Scientific. All chemicals were used as received.

Purification was performed using a semi-preparative Delta

Waters 600 HPLC instrument equipped with a Waters 2487 dual

wavelength absorbance detector and a Vydac C4 reversed-phase

column (Sorbent Technologies). The crude peptide samples were

dissolved in a 10% aqueous acetic acid solution (not more than

15 mg peptide in 1 mL of acetic acid) and injected onto the

column. The peptides were purified by gradient elution with

‘solvent A’, containing 99.9% water and 0.1% TFA, and ‘solvent

B’, containing 90% ACN, 9.9% water, and 0.1% TFA. Sample

aliquots were collected and analyzed using matrix-assisted laser

desorption-ionization time-of-flight (MALDI-TOF) mass spec-

trometry to verify their identities (ESI, Table S1†).

2.3 Analysis of the surfactant peptide secondary structure

Surfactant peptide solutions ranging in concentration from 50 to

500 mM were prepared by diluting stock peptide solutions. The

concentrations of the stock solutions were determined by

absorption spectroscopy using the extinction coefficients of the

chromophores calculated beforehand (ESI, Fig. S1†). CD studies

were performed using an Aviv Model 202 circular dichroism

spectrometer. All spectra were acquired from 190 to 260 nm at

25 "C using rectangular quartz cuvettes with a 1 mm path length.

The wavelength was recorded when the dynode voltage reached

the dynode cutoff of the instrument (500 V). Data acquired

beyond the dynode cutoff were not included for calculations. For

analysis, the spectra were converted to mean residue molar

ellipticity [q] using eqn (1), where Sobs is the CD signal in milli-

degrees, l is the path length of the sample cuvette in cm, c is the

concentration of the peptide solution in mol L!1, and n is the

number of amino acid residues in the peptide.25 CD spectra of

surfactant peptide/SWCNT dispersions were acquired following

the same procedure.

½q$ ¼ Sobs

10& l & c& n
(1)

2.4 Preparation of surfactant peptide/SWCNT dispersions

Materials: Raw HiPco SWCNTs (lot #R0519) were purchased

from Carbon Nanotechnologies Inc.

To prepare dispersions, 1 mL aliquots of the peptide solutions

of desired concentrations were added to Eppendorf tubes con-

taining 0.75–1.00 mg of HiPco SWCNTs and vortexed for 1 min.

Next, the samples were probe sonicated for 1 min using a VWR

Scientific Branson Sonifier 250 at a power level of 10W, while the

samples were immersed in an ice water bath. The sonicated

samples were centrifuged at 16 000 & g for 10 min in an

Eppendorf 5417C centrifuge. The upper 75% of the supernatants

were transferred to Beckman centrifuge tubes and centrifuged at

20 000 & g for 15 min in a Beckman TL-100 ultracentrifuge with

the temperature controlled at 4 "C. Recovered supernatants were

further centrifuged at 50 000 & g for 30 min and at 100 000 & g

for 1 h. Control samples were prepared following the same

procedure excluding SWCNTs.

2.5 Characterization of surfactant peptide/SWCNT

dispersions

2.5.1 Determination of SWCNT dispersability by surfactant

peptides. Materials: Mica substrates (1/40 0 & 1/400 & 0.008/

0.0100 0) were purchased from Asheville-Schoonmaker Mica Co.

Silicon cantilevers (model#: MPP-12100-100) were purchased

from Veeco Probes.

A Perkin-Elmer Lambda 900 UV-Vis-NIR spectrophotometer

was used to acquire absorption spectra of the surfactant peptide/

SWCNT dispersions collected after the 100 000& g spin. Spectra

were collected from 400 to 1400 nm using rectangular quartz

cuvettes with a 1 mm path length. Nanopure water was used as

the blank sample.

AFM imaging was performed under ambient conditions using

a Digital Instruments, Inc. Nanoscope III Multimode Scanning

Probe Microscope operated in the TappingMode!. To isolate

the AFM from mechanical vibrations, imaging was performed

on a vibration isolation table (MICRO-g" 63-561, Technical

Manufacturing Corporation). For image acquisition, silicon

cantilevers with a force constant of 5 Nm!1 and an average

resonance frequency of 150 kHz were used. Before image

acquisition, the ‘J’ scanner was calibrated in the x, y and z

dimensions using a standard sample (NanoDevices Inc.) con-

taining lines with a 2 mm pitch and 20 nm height. The height (z)

calibration was verified using hydrofluoric acid etched pits in

muscovite mica, in which 2 nm steps are observed along the long

4546 | Nanoscale, 2012, 4, 4544–4554 This journal is ª The Royal Society of Chemistry 2012



axis and 1 nm steps are observed along the short axis. For the

AFM analysis of peptide-coated SWCNTs, the dispersions were

diluted 20-fold with nanopure water, and 10 mL volumes of these

dispersions were drop-cast onto freshly cleaved mica substrates

and dried in a desiccator for 24 h before imaging. Control

samples were prepared by following the same procedure using

solutions containing only surfactant peptides. In addition, 20 mL
volumes of 1,2-DCE/SWCNT supernatants were spun-cast

(3500 rpm, 30 s) onto freshly cleaved mica substrates and dried in

a desiccator for the AFM analysis of bare SWCNTs.

2.5.2 Investigation of the effect of surfactant peptides on

SWCNT electronic properties. Materials: A SpectRim!
substrate was purchased from Tienta Sciences, Inc. Highly

oriented pyrolytic graphite (HOPG) substrates were purchased

from GE Advanced Ceramics. Au(111)-coated mica substrates

were purchased from Agilent Technologies, Inc. STM probes

(8 mm cut Pt/It wire, model: PT) were purchased from Veeco

Probes.

Raman spectra were acquired using a Jobin Yvon Horiba

high-resolution LabRam Raman microscope system equipped

with a Spectra-Physics Model 127 helium–neon laser (632.8 nm

excitation, 8 mW power) and a Synapse! CCD detector.

Peptide/SWCNT dispersions (100 000 & g) were spotted on

a SpectRim! substrate and dried before analysis. To obtain

a better signal-to-noise ratio, multiple '1 mL aliquots of sample

were applied to obtain the desired spot concentration. When

acquiring spectra, the laser was focused to a spot of '1 mm using

a 50& objective and 350 mm slit. Wavenumber calibration was

carried out using a silicon wafer (520.5 cm!1). Raman spectra

were acquired from 50 to 3000 cm!1 with a total acquisition time

of 5 min. The spectra were fitted with Lorentzian functions using

LabSpec version 5.24.19 software.

For STM/STS analysis, 20 mL volumes of peptide/SWCNT

supernatants (100 000 & g) and 1,2-DCE/SWCNT supernatants

were spun-cast onto Au(111)-coated mica substrates at a speed of

3500 rpm for 30 s and dried in a desiccator for 24 h prior to

imaging. Control samples were prepared by following the same

procedure using solutions containing only surfactant peptides.

STM analysis was done at room temperature under ambient

conditions using a Digital Instruments, Inc. Nanoscope III STM

equipped with a 0.7 mm ‘A’ scanner and Pt/Ir tips. To isolate

mechanical vibrations, the microscope was placed on a gel pad

on a cement block suspended from a tripod with bungee cords.

Also, the STM instrument was covered with a neoprene hood to

reduce any effect from acoustic noise. Before data acquisition,

the scanner was calibrated using HOPG to ensure the accuracy of

the measurements. When imaging SWCNTs, large scan sizes

(100–200 nm) were initially viewed using constant current mode

to verify that the analysis was done on a fairly flat region. After

locating SWCNTs, the scan size was reduced to approximately

10 to 20 nm, and the images were acquired in the constant height

mode.

To acquire a scanning tunneling spectrum from a certain

position on a nanotube, the feature of interest was brought to the

center of the image and the microscope was switched to the STS

mode. The I–V data were collected with the feedback loop

switched off, and the current (I) was recorded as a function of

bias voltage (!1.0 to 1.0 V). Twenty I–V curves were collected

and averaged to increase the signal-to-noise ratio. The I–V data

were converted to differential tunneling conductance (dI/dV) and

plotted against the bias voltage. The resulting curves were

Fourier filtered to further reduce the noise. STM images and

corresponding STS I–V curves were acquired from HOPG

substrates to verify the accuracy of data acquisition. Reference

measurements were also performed on bare regions of the

Au(111) substrates. STS spectra were acquired from the surfac-

tant peptide control samples following the same method.

3. Results and discussion

3.1 Structural behavior of surfactant peptides in the absence

and presence of SWCNTs

Surfactant peptides, as revealed in the literature, have primarily

a random coil structure presumably due to their low molecular

weight and arrangement of amino acids.25 Owing to the lack of

secondary structure, formation of inter- and intramolecular

folding interactions among the surfactant peptide moieties is

minimal. Circular dichroism is an excellent technique to char-

acterize the structural behavior of peptides in solution. The

arrangement of the peptide backbone amide bonds, which gives

rise to characteristic spectral features, allows the identification of

different structural conformations present in a sample.28 Fig. 2

shows the CD spectra of the synthesized surfactant peptides,

SPF, SP-pNH2F, and SP-pCNF, in both the absence and pres-

ence of SWCNTs. As presumed, CD spectra of the samples

containing only surfactant peptides show similar spectral

features over the studied concentration range (50–500 mM),

suggesting the absence of concentration-induced structural

changes (Fig. 2a–c). The strong negative feature around 200 nm

indicates that the majority of the surfactant peptide molecules

exist as random coils in solution.25,28 This behavior is distinct

from long chain peptides, such as the 29 residue nano-1, which

tend to form secondary conformations (a-helical for nano-1) at
high concentrations as well as when adsorbed onto SWCNT

surfaces.22

To examine the structural behavior of the synthesized surfac-

tant peptides in the presence of SWCNTs, CD spectra were

acquired from surfactant peptide/SWCNT dispersions (Fig. 2d–

f). In these samples, surfactant peptide molecules adsorbed onto

the SWCNT surfaces, as well as those that remain in the solution,

contribute to the CD signal. Similar to the samples containing

only surfactant peptides, these spectra, except those acquired

from the 100 mM SPF/SWCNT and SP-pCNF/SWCNT disper-

sions which have intensities too small for meaningful interpre-

tation, show a strong peak around 200 nm and a less prominent

feature around 220 nm. This result confirms that, unlike the

helical peptides, the surfactant peptides maintain their random

coil structure even in the presence of SWCNTs. The CD spectra

obtained from the surfactant peptide/SWCNT dispersions

exhibit significant variations in the signal intensity. Unlike the

surfactant peptide solutions, the peptide/SWCNT dispersions

were centrifuged in order to remove SWCNT bundles and other

impurities present in the samples. It is likely that some surfactant

peptide adsorbed onto SWCNTs and SWCNT bundles was

removed from the supernatant during this process diminishing

the overall CD signal.
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The CD spectra of the surfactant peptide/SWCNT dispersions,

especially SP-pNH2F/SWCNT (Fig. 2e) and SP-pCNF/SWCNT

(Fig. 2f), indicate the presence of an isodichroic point in the

region of 230–240 nm. In CD spectroscopy, an isodichroic point

suggests conversion between two distinct states or species in

solution.28 However, in the current experiment, the CD spectra

do not indicate a significant transition from one structure to

another since all spectra display random coil behavior at all

concentrations. Hence, the isodichroic point may suggest

a change in the arrangement of surfactant peptides on SWCNT

surfaces at higher concentrations.29 For example, at low

concentrations, peptide molecules may be disordered on nano-

tube surfaces, whereas at higher concentrations, peptide mole-

cules should be more crowded and gain more order as they

self-organize to densely coat the SWCNT surface.

3.2 SWCNT dispersability by surfactant peptides

Prior to investigating the effect of surfactant peptides on

SWCNT electronic properties, the dispersability of SWCNTs in

the surfactant peptide solutions was examined using AFM and

UV-Vis-NIR spectroscopy. Based on the preliminary AFM

data (ESI, Fig. S2 and S3†), 500 mM surfactant peptide solu-

tions collected after the 100 000 & g centrifugation step were

chosen to carry out further experiments. AFM images shown in

Fig. 3a–c exhibit well-dispersed SWCNTs and clean back-

grounds with little particulate matter or excess peptide, and

hence are useful for AFM diameter analysis of the SWCNTs.

Control AFM studies were performed using solutions con-

taining only surfactant peptides, which were prepared following

the same procedure used for peptide/SWCNTs (exclusive of

SWCNTs). Shown in Fig. 3d–f are the corresponding AFM

images of the peptide control samples. These images confirm

that the surfactant peptides alone do not form nanotube-like

features.

AFM height measurements have been used previously to

determine the diameters of peptide-coated SWCNTs.30–32 For

example, the average diameter of SWCNTs coated with a-helical
nano-1 peptide was reported as 2.4 ( 1.3 nm,31 whereas the

average diameters of SWCNTs coated with reversible cyclic

peptides, RC5 and RC7, were 1.45 ( 0.22 nm and 1.73 (
0.30 nm, respectively.32 To verify the presence of individual

SWCNTs in the surfactant peptide/SWCNT dispersions, AFM

height measurements were obtained from bare regions of the

SWCNTs. The average SWCNT diameter and the standard

deviation of each measurement set are: SPF/SWCNT ¼ 0.80 (
0.13 nm (number of SWCNTs (n) ¼ 35), SP-pNH2F/SWCNT ¼
0.76 ( 0.11 nm (n ¼ 30), and SP-pCNF/SWCNT ¼ 0.79 ( 0.09

Fig. 2 Left column: CD spectra of surfactant peptides: (a) SPF, (b) SP-pNH2F, and (c) SP-pCNF. Right column: CD spectra of surfactant peptide/

SWCNT dispersions: (d) SPF/SWCNT, (e) SP-pNH2F/SWCNT, and (f) SP-pCNF/SWCNT. [q] indicates mean residue molar ellipticity. CD data were

not reported beyond a dynode cutoff voltage of 500 V. Different samples reached the dynode cutoff at different wavelengths.

4548 | Nanoscale, 2012, 4, 4544–4554 This journal is ª The Royal Society of Chemistry 2012



nm (n ¼ 30). The reported diameter range for HiPco SWCNTs is

from 0.7 to 1.4 nm.33 Accordingly, the measured diameters

confirm the presence of individually dispersed nanotubes in the

surfactant peptide/SWCNT dispersions. AFM height measure-

ments were also taken from the peptide-coated regions of the

SWCNTs. The resultant data reveal that the average thickness of

the surfactant peptide coating is about 1 nm (e.g., SPF 1.12 (
0.53 nm, SP-pNH2F 0.96 ( 0.49 nm, and SP-pCNF 1.00 (
0.43 nm). Based on the dimensions of a single peptide back-

bone,32 it can be speculated that, in most cases, there is a single

layer of peptide lying parallel to the SWCNT surface. Having

singly dispersed SWCNTs with a thin peptide coating is vital for

the scanning tunneling microscopy and scanning tunneling

spectroscopy studies. As compared to the other peptide/SWCNT

systems,31,32 the surfactant peptide/SWCNT system contained

nanotubes with smaller diameters. This narrow diameter range

may have resulted from the high centrifugation speed (100 000 &
g) used during the preparation of the dispersions. Another

possible reason could be the preference of the peptides to disperse

SWCNTs with smaller diameters.

The absorption spectra of the 500 mM surfactant peptide/

SWCNT dispersions (100 000 & g) are shown in Fig. 4. To

ensure reproducibility, three dispersions of each peptide/

SWCNT composite were analyzed using the same experimental

conditions, and the resultant spectra were averaged. The vertical

lines in each spectrum show the standard deviations of the

absorbance reading. In general, UV-Vis-NIR spectra of

SWCNTs are characterized by a series of relatively strong peaks

resulting from electronic transitions between the van Hove

singularities in their electronic density of states.34 Well-defined

spectral features are indicative of debundled carbon nanotubes.35

As can be seen in Fig. 4, all the spectra are comprised of char-

acteristic absorption features, confirming the presence of

SWCNTs in the samples. The absorption spectrum of SP-

pNH2F/SWCNT shows the most pronounced peaks, suggesting

that this peptide is more effective in dispersing SWCNTs than the

other two peptides. This behavior is consistently observed in all

absorption spectra acquired from the surfactant peptide/

SWCNT dispersions spun at different centrifugation speeds

(ESI, Fig. S4†). It is also observed that the absorption of SP-

pCNF/SWCNT is slightly higher than that of SPF/SWCNT. This

observation is consistent with previous data showing that

aromatic rings with functional groups exhibit better adsorption

onto SWCNT surfaces than unsubstituted aromatic rings.36

Hence, the presence of an amine or a cyano group presumably

lead to a more efficient adsorption of SP-pNH2F and SP-pCNF

on SWCNTs compared to SPF.

The peak positions in the absorption spectra can be used to

identify the different chiralities and associated (n,m) indices of

SWCNTs present in the samples.37,38 The numbers shown in

parentheses in Fig. 4 are the assigned SWCNTchiralities obtained

from the surfactant peptide/SWCNT dispersions based on simi-

larities to SDS-dispersed SWCNTs.37 The peak fitting data of the

spectra are listed in ESI, Table S2†. These data clearly show that

the peaks in the region of '400 to 900 nm are almost completely

overlapping, in contrast to some peaks in the region of '900 to

1300 nm, wherein significant peak shifting is evident. This

behavior is commonly reported in the literature.39,41 In general, the

existence of SWCNT bundles cause red shifting of the peaks as

Fig. 3 Left column: AFM images (5.0 & 5.0 mm) of 20-fold diluted

500 mM (a) SPF/SWCNT, (b) SP-pNH2F/SWCNT, and (c) SP-pCNF/

SWCNT dispersions. Right column: AFM images (5.0 & 5.0 mm) of 20-

fold diluted 500 mM (d) SPF, (e) SP-pNH2F, and (f) SP-pCNF peptide

solutions (exclusive of SWCNTs).

Fig. 4 Average UV-Vis-NIR spectra (n ¼ 3) of 500 mM surfactant

peptide/SWCNT dispersions collected after the 100 000& g spin. Vertical

lines show standard deviations for each sample. Numbers in the paren-

theses represent assigned (n,m) chiralities.
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compared to singly dispersed SWCNTs.39 Moreover, absorption

peak shifting occurs in the presence of different dielectric envi-

ronmentsnearSWCNTs.40Mostof theabsorptionpeaksobserved

in the 900–1300nmregion forSP-pNH2F/SWCNTandSP-pCNF/

SWCNT composites show a blue-shift as compared to those

observed for SPF/SWCNT. This may result from the different

dielectric environments created by the peptides themselves due to

the presence of electron-donating or electron-withdrawing groups

on their aromatic ring. However, at present, it is not well under-

stood why both SP-pNH2F/SWCNT and SP-pCNF/SWCNT

composites show a blue shift as compared to the reference.

3.3 Investigation of SWCNT electronic properties

To attain a better understanding of the effect of surfactant

peptides on SWCNT electronic properties, Raman spectroscopy

was performed on the peptide/SWCNT dispersions. Important

features in the Raman spectrum of SWCNTs include the radial

breathing mode (RBM, 100–300 cm!1), disorder-induced band

(D-band, 1250–1450 cm!1), tangential band (G-band, 1500–1600

cm!1), and the second overtone of the D-band (G0-band, 2500–

2900 cm!1).42 The frequency position of the Raman G-band peak

is often used to probe the effect of dopants on SWCNT and

graphene electronic properties.8,10,12,16,17,19,43–45 Generally,

a downshift of the G-band peak frequency indicates charge

transfer from the dopant to the carbon nanotube, suggesting an

n-type doping effect,8,10,12,17,19,43,44 whereas an upshift reveals

charge transfer from the carbon nanotube to the dopant, signi-

fying a p-type doping effect.8,10,12,16,19,43,45

Fig. 5a presents Raman spectra of surfactant peptide-coated

SWCNT composites. To test the effect of the amine (electron-

donating) and cyano (electron-withdrawing) functional groupson

thepeptide/SWCNT interaction, theG-bandpeakpositions of the

SP-pNH2F/SWCNT and SP-pCNF/SWCNT composites were

compared to that of the reference SPF/SWCNT composite

(Fig. 5b). As indicated in the figure, a downshift of the G-band

peak is evident for SP-pNH2F/SWCNT, while an upshift is

observed for the SP-pCNF/SWCNT composite. To verify this

trend, Raman spectra were acquired from three separately

prepared dispersions of each composite, all on the same day. Two

additional trials were performed on one of the sets of dispersions.

The average G-band peak positions and the standard deviations

calculated from these five trials are: SPF/SWCNT¼ 1591.7( 0.1

cm!1, SP-pNH2F/SWCNT ¼ 1589.9 ( 0.3 cm!1, and SP-pCNF/

SWCNT¼ 1592.9( 0.1 cm!1. Reproducible G-band peak values

were obtained from different sets of dispersions, confirming that

the observed shifts are not caused from errors associated with the

experimental conditions or procedures (ESI, Table S3†).

Compared to the G-band peak value for SPF/SWCNT, the

average downshift observed for the SP-pNH2F/SWCNT

composite is!1.8( 0.3 cm!1 and the average upshift observed for

SP-pCNF-coated SWCNTs is 1.2 ( 0.1 cm!1. The observed

downshift indicates charge transfer from the surfactant peptide to

the SWCNT (n-type behavior), correlating well with the strong

electron-donating ability of the amine group on the phenyl ring of

the peptide.On the other hand, the upshift observed in theG-band

peak frequency suggests charge transfer from the SWCNT to the

surfactant peptide, suggesting a p-type doping effect. This result is

consistent with the presence of the strong electron-withdrawing

cyano group on the aromatic ring of the peptide.

A similar shifting pattern in the Raman tangential band was

observed for SWCNTs coated with a-helical peptides containing
aromatic amino acids bearing electron-donating hydroxyl (tyro-

sine) and electron-withdrawing nitro groups (p-nitro-phenylala-

nine).19 These two peptides were identified as Tyr-nano-1 and

nitro-nano-1, respectively. Even though the directions of the G-

band peak shifts of the surfactant peptide-coated SWCNTs are

similar to those observed for a-helical peptide-coated SWCNTs,

there is a considerable difference in the magnitudes of the shifts.

Specifically, the downshift observed for the SP-pNH2F/SWCNT

composite (!1.8 ( 0.3 cm!1) is nearly 3-fold greater than that

observed for Tyr-nano-1/SWCNT (!0.6 ( 0.2 cm!1), while the

upshift observed for SP-pCNF/SWCNT (1.2( 0.1 cm!1) is nearly

double that of nitro-nano-1/SWCNT (0.7 ( 0.3 cm!1). This

implies that the studied surfactant peptides are more effective in

doping SWCNTs than the a-helical peptide/SWCNT systems

reported, since it has been revealed that the magnitude of the G-

band peak shifting correlates with the degree of doping.43,44

The doping effect of the surfactant peptides on SWCNTs was

further examined using scanning tunneling microscopy (STM)

and scanning tunneling spectroscopy (STS). STM is widely used

to obtain structural images of carbon nanotubes with atomic

Fig. 5 (a) Raman spectra of surfactant peptide/SWCNT dispersions. (b) Raman G-band peak region.
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resolution, while STS is employed to investigate the local elec-

tronic density of states (LDOS) of the material.46–48 To examine

electronic properties, local I–V curves obtained from samples are

numerically converted to the equivalent differential conductance

(dI/dV) spectra, which are proportional to the LDOS of

materials.47,49

Prior to STM/STS studies of the SWCNTs, analyses were

carried out on the HOPG and Au(111)-coated mica substrates.

The STS I–V curves of these two reference substrates correlate

well with data reported in literature (ESI, Fig. S5†).50,51 To

ensure the accuracy of data acquisition, STM images and cor-

responding STS I–V curves were acquired from freshly cleaved

HOPG substrates prior to all STM/STS analyses of peptide/

SWCNT samples. The STS dI/dV spectra of the peptide controls

are virtually featureless, demonstrating that peptide contribu-

tions to the density of states in the bias range of!1.0 to 1.0 V are

minimal (ESI, Fig. S6†).

Due to the 1-dimensional nature of carbon nanotubes, the

LDOS of metallic and semiconducting SWCNTs are split into

several sub-bands (van Hove singularities) and exist as well-

defined sharp features that can be observed in STS differential

conductance (dI/dV) or normalized conductance ([V/I][dI/dV])

spectra.46,47,49 The LDOS at the Fermi level also indicate whether

the SWCNT is semiconducting or metallic.47 Fig. 6 presents

a STM image (Fig. 6a) and STS dI/dV spectra (Fig. 6b and c)

obtained from uncoated SWCNTs that were dispersed using 1,2-

dichloroethane (ESI, Fig. S7†). The STM image of the uncoated

SWCNT clearly shows the atomic structure of the carbon lattice.

The average distance measured between bright points in the

image was 0.26 nm, which correlates well with the lattice spacing

reported for graphene sheets.52 The dI/dV spectrum in Fig. 6b

exhibits very low LDOS near the Fermi level along with strong

increases in the electronic states away from the Fermi level,

confirming its semiconducting behavior. In contrast, the

increased LDOS at the Fermi level of the dI/dV spectrum for

a different SWCNT, shown in Fig. 6c, verifies metallic behavior.

In this study, much attention is given to the electronic structure

of semiconducting SWCNTs.

The dI/dV spectra acquired sequentially at a single position on

an uncoated semiconducting SWCNT and the spectra acquired

fromdifferent positions on the same uncoated SWCNTare shown

in Fig. 7a and b, respectively. All spectra show similar features,

confirming the reproducibility of data acquisition. Unlike the

sharp singularities predicted by theory, the observed LDOS are

somewhat broader and less well-pronounced, possibly due to

hybridization between the wavefunctions of the SWCNT and the

gold substrate,which is a commonphenomenon reported inSTS.49

To further analyze the electronic structure of uncoated SWCNTs,

STS dI/dV spectra were acquired from 17 uncoated SWCNTs

(data not shown) in which 76% show semiconducting character-

istics, while 24% of the SWCNTs show characteristics of metallic

SWCNTs. The measured semiconducting-to-metallic ratio is

comparable to the reported 3 : 1 ratio for HiPco SWCNTs.53

STM images of the surfactant peptide-coated SWCNTs are

presented in Fig. 8. In contrast to uncoated SWCNTs, the atomic

Fig. 6 (a) STM image of an uncoated SWCNT on a Au(111)-coated mica substrate. (b) STS dI/dV spectrum of an uncoated SWCNT showing

semiconducting behavior. (c) STS dI/dV spectrum of an uncoated SWCNT showing metallic behavior.

Fig. 7 STS dI/dV spectra acquired from an uncoated SWCNT. (a)

Spectra taken sequentially at the same location, and (b) spectra taken at

different locations. The insets show the corresponding I–V curves.
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structure of the carbon lattice is not observed for peptide-coated

SWCNTs because the low intrinsic conductivity of the peptide

obscures the atomic structure of the SWCNT.19 The presence of

a thin layer of peptide on most nanotubes was verified previously

by the AFM height images and the section analysis of the bare

regions and the peptide-coated regions of the SWCNTs. For STS

studies of SWCNTs, it is important to minimize SWCNT

bundling as well as thick peptide coatings on nanotube surfaces,

as both of these factors have a negative effect on the analysis. For

example, the inter-tube interactions cause alterations of the

SWCNT electronic density of states.46,48 Also, since the tunneling

current decays exponentially with the tip–sample distance,

a thick layer of low conductivity peptide on SWCNTs could

presumably act as a barrier for electron tunneling.19

Fig. 9 shows a comparison of the LDOS of the three surfactant

peptide-coated SWCNT systems, namely SPF/SWCNTs

(Fig. 9a), SP-pNH2F/SWCNTs (Fig. 9b), and SP-pCNF/

SWCNTs (Fig. 9c). Since STS accounts for the local density of

states, the consequential changes that occur in the electronic

structure of SWCNTs, especially due to doping, can successfully

be observed by studying the tunneling spectra.7,14,19,54 Specifi-

cally, for n-doped carbon nanotubes, an additional ‘‘donor-like’’

feature is present in the DOS above the Fermi level on the

conduction band side,19,54,55 whereas for p-doped carbon nano-

tubes, an additional ‘‘acceptor-like’’ feature appears below the

Fermi level on the valence band side.14,19,55 According to theo-

retical and experimental observations, these new features appear

fairly close to the Fermi level, typically within the range of !0.20

to 0.20 V.14,19,54,55

The STS dI/dV spectrum acquired from a SPF-coated

SWCNT (Fig. 9a) show symmetrically placed LDOS on either

side of the Fermi level. The vanishing LDOS at the Fermi level of

the dI/dV spectrum and the rectifying behavior of the I–V curve

(Fig. 9a inset) suggest a semiconducting SWCNT. A total of 14

SWCNTs coated with SPF were studied with STS, and 86% are

identified as semiconducting SWCNTs, whereas 14% are identi-

fied as metallic SWCNTs. The STS dI/dV spectra obtained for

SPF/SWCNT composites closely resemble those acquired for

uncoated SWCNTs (Fig. 7), suggesting that the electronic

properties of SWCNTs coated with SPF are not noticeably

altered by this peptide. Since the Phe residue of SPF does not

have a donor or acceptor functional group on the aromatic ring,

significant modifications to the dI/dV spectrum are not expected.

A STS dI/dV spectrum of a semiconducting SWCNT coated

with SP-pNH2F is shown in Fig. 9b. The first van Hove singu-

larity peaks at around (0.30 V are fairly symmetrically placed

about the Fermi level. However, unlike the uncoated and SPF-

coated SWCNTs, the dI/dV spectrum of SP-pNH2F/SWCNT

shows an extra peak on the conduction band side close to the

Fermi level, at around 0.20 V. This peak is similar to those

observed for n-doped materials.19,54,55 To further observe this

behavior, STS spectra were acquired from 36 SWCNTs coated

with SP-pNH2F, wherein 78% show semiconducting and 22%

show metallic characteristics. For the semiconducting SWCNTs,

43% show an extra peak only in the conduction band region close

to the Fermi level as shown in Fig. 9b. The bias voltages asso-

ciated with peaks observed within the!0.20 to 0.20 V range were

measured and are listed in the ESI, Table S4-c†. In some spectra,

two small symmetric peaks are observed closer to the Fermi level

(within the !0.2 to 0.2 V range) on both the conduction and

valence band sides. These arise presumably due to defect sites or

inherent deformations of the SWCNTs.56,57

Fig. 9c presents a STS dI/dV spectrum obtained from a SP-

pCNF-coated semiconducting SWCNT. In contrast to the

SP-pNH2F-coated SWCNT (Fig. 9b), an additional feature for

the SP-pCNF-coated SWCNTappears on the valence band side at

Fig. 8 STM images of (a) SPF/SWCNT, (b) SP-pNH2F/SWCNT, and (c) SP-pCNF/SWCNT on Au(111)-coated mica substrates.

Fig. 9 STS dI/dV spectra of (a) SPF/SWCNT, (b) SP-pNH2F/SWCNT, and (c) SP-pCNF/SWCNT. The insets show the corresponding I–V curves.

Arrows in (b) and (c) indicate the additional peaks in the conduction band and the valence band, respectively.
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around !0.19 V, which is similar to those observed for p-doped

materials.19,55 Further analysis was performed on 34 SWCNTs

coatedwith SP-pCNF. The STS I–V and dI/dV spectra reveal that

88% of these tubes are semiconducting, while 12% are metallic.

The bias voltages associated with the peaks observed within

the!0.20 to 0.20 V region of the dI/dV spectra of semiconducting

tubes are summarized in Table S4-d in the ESI†. Apart from the

SWCNT composites that do not show any features in this region,

as well as those that show features on both sides, 30% exhibit

additional features on the valence band side indicating a p-doping

effect. Both SP-pNH2F/SWCNT and SP-pCNF/SWCNT

composites show low percentages of doped SWCNTs (43% and

30%, respectively). This result may suggest that a fraction of the

SWCNTs examined do not have sufficient peptide coverage to

cause a measurable doping effect. Since STS measurements are

localized, the dI/dV spectra obtained from such areas may reflect

unperturbed electronic structure. SWCNTswith a greater peptide

coverage could have been used for the experiment, however,

a thick peptide layer could inhibit electron tunneling.

When comparing the STS dI/dV spectra of the SP-pNH2F

and SP-pCNF surfactant peptide/SWCNT composites, it is

evident that the extra peaks observed for SP-pNH2F/SWCNT

are more prominent than those of SP-pCNF/SWCNT. Even

though the amine and cyano groups have equal but opposite

Hammett sigma constants, STS, Raman, and absorption

spectroscopy observations of the three composites lead to the

conclusion that SP-pNH2F is much more successful in altering

SWCNT electronic properties than SP-pCNF. The greater

ability of the SP-pNH2F peptide to disperse SWCNTs, which is

primarily observed from the pronounced absorption peaks in

the UV-Vis-NIR spectra of the SP-pNH2F/SWCNT dispersions

(Fig. 4), suggests better packing of this peptide on SWCNTs,

wherein the aromatic rings are favorably oriented to p-stack
with the nanotube surface to cause an effective donor–acceptor

interaction.

The STS dI/dV results reported for SWCNTs coated with a-
helical peptides containing tyrosine (Tyr-nano-1) and p-nitro-Phe

(nitro-nano-1) showed similar behavior.19However, the additional

peaks observed for the surfactant system are more pronounced

than those observed for the a-helical system. The difference in the

peptide structuremay cause the disparity between the two systems.

For example, the simple structure of the surfactant peptide allows

it to orient favorably and packmore densely on a SWCNT surface

as compared to an a-helical peptide, resulting in a higher aromatic

concentration on the nanotube surface. Apart from this, the

presence of different electron-donating and electron-withdrawing

functional groups on the interacting amino acidsmay also have an

effect on p–p stacking interactions between the peptides and the

SWCNTs.The strong electron-donating ability of the aminegroup

on p-amino-Phe (Hammett s ¼ !0.66) as compared to the

hydroxyl group on tyrosine (Hammett s ¼ !0.37) presumably

leads to the enhanced perturbation of SWCNT electronic prop-

erties. Despite the stronger electron-withdrawing ability of the

nitro group (Hammetts¼ 0.78) vs. the cyanogroup (Hammetts¼
0.66), SWCNTs coatedwith SP-pCNFshowprominent additional

peaks on the valence band side, verifying that the surfactant

peptides used in the current study are more effective in modifying

SWCNT electronic properties than the a-helical peptide/SWCNT

systems.

4. Conclusions

We found that the designed surfactant peptides containing

aromatic amino acids with electron-donating (SP-pNH2F) or

electron-withdrawing (SP-pCNF) functional groups can be used

to modify the electronic properties of SWCNTs by adsorbing

them onto SWCNT surfaces. The presence of a donor–acceptor

functional group caused changes in the electron density of the

peptide aromatic ring, resulting in significant alterations of

SWCNT electronic structure. This was demonstrated by

comparing the properties of surfactant peptide/SWCNT

composites generated using SP-pNH2F and SP-pCNF with an

SPF/SWCNT composite. CD analyses performed on the

surfactant peptides, both in the absence and presence of

SWCNTs, revealed random coil structures that were independent

of concentration within the range studied. Hence, the observed

effects of the surfactant peptides on SWCNTs presumably

resulted from the different functionalities within the peptides.

AFM images of the surfactant peptide/SWCNT composites

showed well-dispersed SWCNTs with clean backgrounds, which

were essential for STM/STS analysis. Diameter analysis carried

out on the bare regions of the SWCNTs verified the presence of

individually dispersed SWCNTs. UV-Vis-NIR absorption data

revealed that SP-pNH2F is far more effective in dispersing

SWCNTs in solution than the other two peptides. The absorp-

tion peak shifts observed in the region of 900–1300 nm indicated

the presence of different dielectric environments among the

surfactant peptide/SWCNT composites.

The Raman G-band downshift of the SP-pNH2F/SWCNT

composite (!1.8 ( 0.3 cm!1) and the peak upshift of the SP-

pCNF/SWCNT composite (1.2 ( 0.1 cm!1), with respect to

SPF/SWCNT, provided evidence for a charge transfer inter-

action between the peptides and the SWCNTs. Specifically, the

downshift of the G-band indicated an n-doping effect, while the

upshift indicated a p-doping effect. The additional features

observed in the STS dI/dV spectra further confirmed the ability

to dope SWCNTs with SP-pNH2F and SP-pCNF peptides.

Similar to bare SWCNTs, the symmetrically positioned LDOS

of the SPF/SWCNT composite suggested that a donor–

acceptor functional group is required to alter the electronic

structure of SWCNTs. The absorption, Raman, and STS dI/dV

spectra of the surfactant peptide/SWCNT composites clearly

indicate that SP-pNH2F has a greater ability to interact with

the SWCNT surface and to alter SWCNT electronic properties

than SPF or SP-pCNF.

Further, the observed Raman tangential band shifts and the

observed additional features near the Fermi level in the STS dI/

dV spectra of the surfactant peptide/SWCNT composites were

more prominent than those reported for a-helical peptide/

SWCNT composites. These results verify the efficacy of the

surfactant peptides to functionalize SWCNTs, presumably

arising from their simple structure and the unhindered aromatic

amino acid positioned at the N-terminus of the peptide.

Altogether, this study describes a simple peptide structure

which is ideal for exploring the effect of individual functional

groups on SWCNT electronic properties. A more precise

knowledge of the impact of different functional groups on

SWCNT properties would be useful in developing peptide/

SWCNT composites with better altered electronic properties for
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the design of tunable nanoscale electronic devices, such as field

effect transistor-based biosensors.
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